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Executive Summary 

This project envisages the development of semiconductor based catalysts for the 

conversion of gaseous nitrogen to ammonia using light as the energy source. 

Although several attempts have been made to employ semiconductors to carry out 

this process, the yields of ammonia aie far too small to be of any practical 

significances. This project attempts to modify semiconductor catalysts to enhance 

the nitrogen reduction ability by varying preparation procedures, manipulating 

particle sizes and preventing undesirable side reactions. One particular side 

reaction, viz. the photooxidation of ammonia to nitrate has been exhaustively 

studied because of its strong effects on catalytic activity. 

It was found that the catalyst preparation conditions play a crucial role in 

determining the activity of the catalyst. Furthermore, it is possible to enhance 

nitrogen reduction to ammonia by micromolecular engineering methods. Some of 

these include the preparation of colloidal and quantum sized particles of 

semiconductors such as iron and titanium oxides, rare-earth metal hydroxides and 

also supported catalysts on such supports as clays and Nafion films. As a result of 

these investigations, thc yields of ammonia have been increased by nearly 50 fold 

when compared to the yields obtained by others. Thus concentrations of ammonia 

in excess of 100 prmol I[ could be obtained with the best photocatalysts developed. 

Furthermore, with the system of Q sized hydrous ferric oxide particles embedded 

in a Nafion matrix, simultaneous oxidation and reduction of nitrogen 

photocatalytically to ammonium and nitrite ions was observed. The yields obtained 

in this case are typically in the 100-150 jumol I range which merits further 

research in this area. 

The present work contributes to the global research efforts in the chemical 

conversion of solar energy to a useful product. Although the development of a 

practical nitrogen fixing solar cell requires the concerted efforts of scientists 

worldwide, our results hopefully provide a fresh awareness in the area of solar 

energy conversion. 

The training given to junior scientists and the general scientific awareness created 

have been advantageous from the point of view of overall development of the LDC 

concerned.
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2. 	 Research Objectives 

Nitrogcn fixation on irradiated semiconductors is an attractive possibility of 

utilizing solar energy to produce an important product. However, this research 

which attracted scientists after the oil crisis of 1973 is currently not under active 

investigation. The reason for this is the realization that yields obtained were often 

in the 14mol range (10.6 molar range) and hence of no practical significance. 

However even if the quantum yields are small, if they can be improved to at least 

about 100 1mol I",a possibility exists for developing a nitrogen fixing solar cell. 

The difficulties in getting good yields of NH3 arise from (a) the high activation 

energy of the reaction (b) poor chemiadsorption of N2 on the surfaces (c) back 

reactions and photooxidation of NH3 to NO; w,.ich poisons the catalysts and 

(d) loss of catalytic activity with time. The present study was undertaken with a 

view to comprehensively study the basic physics and chemistry of this process and 

to improve the yields obtained in the photoreduction of N2 to NH3. 

The objectives set in the Research proposal submitted to AID/SCI on 

"Photofixation of Dinitrogen on Semiconductor catalysts" can be briefly 

summarized as follows: 

1. 	 Identification of new semiconductor catalysts for photocatalytic N2 fixation. 

2. 	 Improvement of the ferric oxide system as a N2 reduction catalysts. 

3. 	 Increasing the N2 fixing ability by optimizing the conditions in the catalyst 

preparation. 

4. 	 Determining the dependance of band gap on particle size. 

5. 	 Determination of the flat band positions of semiconductors depending on 

the method of catalyst preparation. 
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6. 	 Studying the adsorption and oxidation of NH3 on photocatalysts and how 

this affects catalytic activity. 

7. 	 Investigating catalyst poisoning and approaches to overcome the factors 

responsible for poisoning. 

8. 	 Development of a practical N2 fixing solar cell. 

This report describes the research undertaken on this project and how the above 

objectives were reached. Many new catalytic systems were exhaustively studied 

and the mechanisms understooi. The results obtained were also of some 

significance to the knowledge in an allied field, viz. photosplitting water tq 

hydrogen. When world wide attention has been diminishing on research involviaig 

chemical means of solar energy conversion, the information gathered during the 

course of this research could still lead to a practically viable system in a few 

decades.
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3. Methods and Results 

This section briefly discusses a summary of the important results obtained for the 

various catalysts employed. Full experimental details and a detailed discussion of 

the results obtained arc given in the next section. 

3.1 Hydrous ferric oxide based catalysts 

Very early in our research on photofixation of N2, we discovered that N2 reduction 

takes place on hydrous ferric oxide (1). It was also found that dried or calcined 

FeO, is inactive as a photocatalyst, contrary to the observations of others (2,3). 

The catalytic activity in this case is attributed to its strongly negative flat band 

potential position coupled with the strong chemisorption of N2 on the catalyst 

surface. Here nitrate formed by the photooxidation of NH3 as the reaction 

progresses has a detrimental effect on catalytic activity as seen form the loss of 

activity with time. Nitrate formed in turn was found to change the flat band 

potential values in a less negative direction and this explains the loss of catalytic 

activity. In order to improve on this catalyst, the composite catalyst containing 

Fe(ll)/Ti(IV) hydrous oxides.was investigated (4). Here the nitrate formation is 

small and the increased ammonia yields can be attributed to the separation of 

charge centers. 

3.1.1 V(OH)/Fe2O3.xHO System 

When the analogous Fe(lIl)/V(IlI) mixed hydroxide system was investigated, it was 

found that the yields of ammonia can be increased nearly 10 fold compared to 
" hydrous ferric oxide alone. Nearly 200 Imol I1 of NH3 was obtained after 24h of 

irradiation. Here the possible reduction of V(1I) to V(11) which is known to 

reduce N2 to NH3 in a thermal reaction (5) is perhaps responsible for the above 

enhancement. Such high yields in photocatalytic N2 fixation have not been reported 

in the literature (6) and this gives further encouragement to continue research in 

this area. 
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3.1.2 Fe2O3.xH20/0leutonite precursor pillared clays 

Iron oxide supported layered clays such as bentonite were investigated for two 

reasons; (1) increased surface area provided by the clay layers (2) possible charge 

separation between hydroxylated iron oxide strands and the clay layer. The 

precursor pillared clays with polymeric Fe(llI) hydroxo species had an ammonia 

enhancement factor of 3-4 over hydrous ferric oxide as a photocatalyst. 

3.1.3 FeOOIli fine particles 

Photohydrolysis of iron(ll) bicarbonate produces ultra-fine particles of FeOOH and 

its blue shifted spectrum is a consequence of size quantization effect (7). Again we 

have noted that N2 is not reductd by Fc" or Fe(OH) 2 in the presence or absence 

of light in contrast to observations of previous workers (8). Again, Fe(OH) 2 

efficiently reduces nitrates and nitrites quite effectively in athermal reaction. Thus 

traces of these ions present as impurities may very well have been the origin of 

NH3 described in reference 8. Work on hydrous ferric oxides also have some 

relevance to prebiotic chemistry where photocatalytically active iron(Ill) oxide 

particles may have been effective in promoting N2 fixation and other reactions. 

Fine particles of FeOOH produced are active in photogenerating NH3 from N2. 

The yield of ammonia reaches an optimum value of ca. 60 ILmol I1 and even after 

24h of irradiation, there was no decrease in the yield which is an inherent 

disadvantage with most of the catalysts studied. Hydrogen evolution also takes 

place with high efficiency here with nearly 10 ml of H2 generated within 2 h. Thus 

these quantum sized particles of FeOOH presents a formidable catalyst and a 

promising .ystem for future studies. 

3.1.4 Q-particles of Fe2O3.xHO in a Nation matrix 

Out of all catalysts studied during the course of this project Q-particles of hydrous 

ferric oxide on Nafion films has the best potential for a practical device. An ideal 

device for N2 fixation should have the ability to use air and water to generate 

nitrogenous fertilizer. Hydrous iron(IIl) oxide loaded Nafion films in aerated water 
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at alkaline pH yields both NH3 and NO2"/NO3" upon UV irradiation. Thus the 

potential of using such films for a practical device to produce ammonium nitrate 

cannot be dismissed. Q-particles of hydrous iron oxide embedded in these films 

have an average diameter of -48 A, show size quantization effects in the UV-VIS 

spectra and have a flat-band potential more negative than any of the iron oxide 

systems studied. The microenvironment of the Nafion matrix probably suppresses 

02" formation thereby reducing photooxidation of NH, to NO,'. This prevents 

catalyst deactivation and hence we observe that the total N2 fixed, both reductively 

and oxidatively increases with time and shows no decrease at least up to 60h of 

continuous irradiation. 

3.1.5 Some mechanistic aspects 

Some details of the mechanistic aspects of the N2 reduction on semiconductors can 

be obtained by studying both N2 fixation and water splitting reactions 

simultaneoualy. Irradiation of a semiconductor produces electron hole pairs. 

Fe2O3 > Fe203* (h', e') (1) 

The photoexcited electrons can reduce either N2 or H20. 

+N2 +6H + 6e > 2NH, (2) 

H20 + 2e > OH- + H2 (3) 

Photogenerated positive centers, h' (holes) oxidize water to oxygen or capture 

adsorbed OH­

+ 6H +6h + + 3H20 > 3/202 (4) 

OH- + h > *OH (5) 

2 OH > H202 (6) 

The OH free radicals or the peroxides have enough oxidizing powder to oxidize 

NH3 to NO,- or NO,- (9) An alternate mechanism for N2 reduction to NH3 has 

been suggested by Schrauzer (reactions 7-1l). 
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TiO2 
> N2

2- (7)N2 
h' ,2e 

2 + 2H +N2 > N2H2 (8) 

> (9)N2H2 N2 + H2 

> + (10)2N 2H2 N2 N2H4 

> 4NH, + N2 (11)3N2H4 

As evidence for the above mechanism Schrauzer has forwarded the enhanced 

hydrogen yields with these catalysts under N2 when compared to under argon. This 

has been termed "Nitrogen assisted hydrogen evolution". For hydrous ferric oxides 

and its derivatives studied, although hydrogen evolution has been well established, 

only traces or no oxygen could be found (gas chromatography using molecular 

sieve column, membrane polarographic detector). However we have consistently 

observed the formation of peroxides (acidified KI solution followed by colorimetric 

estimation). This is consistent with the observations of others where the 

photouptake of 02 on hydrous ferric oxide has been demonstrated. with the Fe2O,/ 

bentonite catalyst, we have also observed N2assisted H2evolution where higher H2 

yields were observed under N2 compared to Ar at higher durations of irradiadon. 

3.2 Metal doped Titanium dioxide catalyst systems 

3.2.1 Introduction 

The first experiments that titanium dioxide (rutile) converts N2 to NH 3were carried 

out by an Indian chemist, Dhar nearly four decades ago. He showed that river 

sands rich in rutile have the ability to convert N2 to NH3 when exposed to tropical 

sunlight (10). However this result was largely ignored by the Western scientists 

until 1977 when Schrauzer proposed that TiO2 and its metal doped modifications 

produced traces of hydrazine and ammonia upon exposure to UV radiation under 

N2(l). The photocatalytic nature of this process has been questioned (11). 

Furthermore we have found along with others (6) that TiO2 by itself produced only 
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negligible amounts of ammonia. It is also difficult to assess the work of most 

workers in this area since experimental details such as the removal of traces of 

NH4 and NO; from reagents used are not properly described. Although some 

isotopic work using "3 N2 confirm N2 fixing activity, comparisons of quantum yields 

are also difficult due to lack of relevant data. Furthermore most of the work has 

been carried out on samples of TiO2 heated at 1000"C and no optimization with 

respect of the conditions on the preparation of catalyst have been made. Detailed 

investigations were made to optimize NH, yield by varying factors such as dopant 

amount (percentage of doping), heating temperature and duration of heating. In 

addition, variation of NH3 yield with pH has also been studied. The observed 

catalytic activities for NH, formation were correlated to the position of the flat 

band potentials. The positions of both the conduction band and the valence bands 

were obtained from the combination of Mott-Schottky plots and reflectance 

measurements (Eg). 

The catalysts were characterized from X-ray powder diffraction patterns, UV-Vis 

reflectance spectroscopy, FT-IR spectroscopy measurements. Photosplitting of 

water on all catalyst systems was also studied and its relationship to N2 fixation was 

investigated. 

3.2.2 RuO2/TiO, system 

Compared to photoreduction of N2 to NH3, there is little work reported on 

oxidative nitrogen fixation reactions on semiconductor surfaces. Bickley (12) has 

reported the photooxidation of N2 to NO on irradiated rutile while Schrauzer has 

reported the photooxidation of initially formed NH3 to NO, on Fe-doped rutile 

(13). Since the photooxidation of NH, on irradiated rutile is well known (14) it is 

surprising that not much attention has been paid to this process by workers in this 

area. 

Photoreduction of N, to NH3 on ruthenium doped rutile has been reported (15). 

However we have fouiod that more NO; is obtained with this catalyst compared to 

NH3. This is not surprising since RuO2 is widely used as a hole transfer agent in 

semiconductor catalysis. There was no significant difference when nitrogen is 

replaced by air in these experiments. This suggests that the photooxidation of NH3 
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with either hydroxyl free radicals or peroxide is the preferable pathway compared 

to direct oxidation of NH3 with 02. Oxidative nitrogen fixation also takes place on 

irradiated ZnO where peroxide generation upon UV irradiation is well established 

(16). 

3.2.3 Mg/TiO2 System 

With this catalyst system optimization of preparation conditions with respect of 

catalytic activity was achieved by varying the following; dopant concentration, 

dopant amount, doping temperature, doping time and pH. It was found that the 

optimum conditions are; dopant amount 2%, doping temperature 1000'C, doping 

time 2h and a pH of 10. The yields of NH3 were smaller compared to hydrous 

iron oxide systems. The yields reach a maximum value of - 15 Umol I"after 2h 

and decreases thereafter. 

Experiments on this catalyst system emphasizes the importance of controlling the 

conditions of preparing the catalyst. Heating at 500'C at best produces only 

surface doping which however seems to produce more active catalysts than heating 

at 1000'C where lattice doping takes place. Doping of Ti4+ in TiO2 with a metal 

ion having a lower charge has been attempted as a possible way to increase 

catalytic activity towards water splitting (17). Apparently more surface defects are 

created and this could increase the adsorption capacity of substrates on the catalyst 

surface. Doping with Mg"+ creates a narrower depletion layer width which affects 

the rate of band bending. This would allow electron tunnelling to proceed more 

easily at the interphase thereby enhancing electron transfer. 

3.2.4 V/TiO2 and Ce/TiO2 Catalyst systems 

These systems clearly demonstrate the need to optimize the catalyst preparation 

conditions to achieve highest N2 reduction ability. The optimum conditions in the 

preparation of the zatalysts are summarized in the following table. 
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Catalyst Dopant amount Heating Duration of pH 

Temperature/°C Heating/h 

V/TiO2 10 750 4 3 

Ce/TiO2 10 250 2 12.5 

Table. I Optimum catalyst preparation conditions for V/TiO 2 and Ce/TiO2 

Catalysts. 

The ammonia yields from these catalysts were considerably higher when compared 

to similarly constituted metal doped TiO2 systems reported by other workers. This 

may be due to the formation of reduced cerium and vanadium centels by the 
+ 

injection of photoexcited electrons of TiO 2. These reduced cept.-rs such as Ce 3 

and V2" have sufficient redox potentials to reduce N2 via a thermal pathway. 

Again these catalysts are active for the photoreduction of water to H2. Their flat­

band potential positions too have been studied and these correlate well with their 

observed catalytic activity towards N2 reduction and photogeneration of H2. 

3.2.5 WO/TiO2 composite catalyst system 

It has been shown that the reaction of moist N2 on blue substoichiometric tungsten 

oxides (W02 .96) in the solid phase gives NH3 upon irradiation. In aqueous solution 

reduction of N2 to NH, takes place via a thermal reaction. This reaction reported 

by Bard (18) can be written as, 

WO,., + 0.04H20 + (.04/3) N2 > WO3 + (0.08/3)NH 3 

We accidently observed that hydrous tungsten oxide, WO3 .2H20 in contact with 

TiO2 left in sunlight turned blue due to the reduction of W0 3 to the 

substoichiometric blue form, W0 296. Measurement of the flat band potential 

positions enables one to understand the above reaction. Since the conduction band 

of TiO2 which is at -0.70 V (vs NHE) lies above the conduction band position of 
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WO3 (-0.45 V vs NHE), photoexcited electrons in TiO2 can be transferred to WO3 

thereby reducing it. Thus in principle a cyclic system for the photogeneration of 

NH3 is possible. 

3.3 Sm(III) and Eu(III) Hydrous Oxides 

Prompted by the activity of the hydrous iron oxides and its derivatives, a systematic 

search was made to identify other hydrous oxides with similar activity. After 

examining a large number of such hydrous oxides we have found that those of 

samarium(Ill) and europium(Il!) are also active for the photoreduction of N2 to 

NH 3. Here too, the ammonia concentration rapidly increases in about 4-6 h and 

then gradually decreases. The nitrate concentration in the solution shows an 

exactly opposite behaviour. Dried catalysts of Sm20 3 and Eu 20 3 are completely 

inactive towards N2 reduction activity. The flat-band potentials indicate a slightly 

more negative value for the conduction band position of both catalysts. These 

hydrous oxides presumably adsorb N, well similar to the hydrous ferric oxide 

systems studied. 

3.4 DETAILED DESCRIPTION OF THE RESULTS 

Most of the wo'k carrieo out under this project have either been published or 

submitted for publication. The papers which follow give the full experimental 

details and a critical analysis of the results in relation to those in the literature and 

our own work. In addition to the N2 reduction process, we have studied the parallel 

pathway of phoiocatalytic water reduction. The desirable properties of a suitable 

photocatalyst for a practical device are also dealt with. 
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Nitrogen photoreduction by V (M) substituted 

hydrous ferric oxide 

K. Tennakone, C.T.K. Thaminimulla and J.M.S. Bandara
 

Institute of F indamental Studies, Hantana road,
 

Kandy, Sri Lanka.
 

Abstract 

Hydrous ferric oxide where Fe (II) sites are partially substituted by V(III), susr-ended in 

nitrogen purged water is found to photoreduce nitrogen to ammonia. It is suggested that this system 

gives significant yields of ammonia because p_hotogenerated holes are efficiently scavanged by..W. 
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Introduction 

Several workershave reff-Tth"edetectid of nitrogenr reductioa 6T=onin"irradiat)&­

aqueous dispersions of TiO, purged with nitrogen [1-6]. Nitrogenchemisorption on the surface of 

the catalyst in an essential requirement for the reaction. The author and his collaborates have found 

that hydrous ferric oxide which chemisorbs nitrogen better than TiO. is more effective photocatalyst 

for nitrogen reduction [7]. In photogeneration of hydrogen from water,. using semiconductor 

it is well known that dissolved electron-donor sacrificial agents [81 give much higher 

yields of hydrogen. Here the efficient consumption of holes by the sacrificiail agent, greatly enhances 

same strategy is applicable in improving the 

catalysts, 

electron transfer to water. One could expect that the 

ammonia photogeneration rates in nitrogen purged aqueous semiconductor suspensions. Contrary 

we have noted that the addition of water soluble electron donors (e.g.to the above expectation, 

orgnic compounds/reducing ions etc.) completely suppresses the ammonia production. The obvious, 

is that, the sacrificial agent in solution interferes with chemisorption of nitrogen on theexplanation 

surface of the catalyst (Generally N, is poorly chemisorbed and readily replaced by other species 

One way to overcome-this-problem: would-be to-have a-sorid-sacrificiah-agenr-in-i-in the solution). 

contact with the active catalyst. If holes are transferred to this solid sacrificial agent, nitrogen 

We have found that N, photoreducdon-with' hydrous Fe2O,can be"reduction will be enhanced. 


hole scavenger.
enhanced by incorporating vanadium (III) hydroxide which act as 

Experimental 

Fe.0 3.nHO and V(OH)3 was prepared as follows.The composite system containing 

were mixed in different proportions and madeSolutions of Fe' + and V (0.lM FeCI3 and VCI3) 


alkaline to pH of 8; when a greenish brown precipitate Is formed. Precipitate is washed avoiding
 

air contamination and stored in deareated water. Photolysis experiments were carried out in an water
 

cooled (26°C) immersion well type photochemical reactor (Applied Photophysics) of volume 400trl.
 

400W medium pressure mecurry lamp is housed inside the inner double walled quartz cylinder. The
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350ml of water ,pH adjusted 8 withprecipitate containing 3.6 moles of (V+Fe) suspended in 

NaOH) placed inside the reactor is kept purged with 99.99% nitrogen (bubbling rate 10m.11'). 

at different irradiation intervals were tested forAliquots of solution drawn from the reactor 

ammonia (indophenol blue method). Outgoing gas was estimated for hydrogen by gas 

chromatography (Shimadzu GC-9AM, Mclecular sieves 5A column). Blank experiments were also 

conducted by keeping the lamp switched off with N. purging and with the lamp switched on under 

in the solutions obtained from the blank experiments wasAr purging. Ammonia concentration 

negligible (ie < I j.moll'). Extreme precautions were taken to avoid ammonia contamination. All 

chemicals used were tested for ammonia and nitrate. 

Results and Discussion 

Fig. I illustrates the time development of the ammonia concentration during irradiation. 

Compared to pure Fe,O.nHO the yield s much higher. An optimum is reached in about Sh and 

thereafter the ammonia concentration der ses.-The-decrease in the ammonia concentration possibly 

results from inactivation of the N, reducir.: capacity followed by photodecomposition of ammonia. 

Fig. 2 shows the variation of the optimur.: yie!d with V/Fe ratio in the precipitate. The maximum 

yield is obtained when Fe/V - 1. F:-. 3 shows hydrogen evolution from the system during 

photolysis. Initially Ar purged solution give slightly more hydrogen than N, purged solution. Later 

stages, more hydrogen is obtained from N, purged solution. It is likely that ammonia 

photodecomposition is releasing hydrogen after deactivation of the ammonia synthesis. Mixing of 

Fe"+ and V' solutions generate an equilibrium mixture containing Fe 3', Fe : ', V" and V-+ (and 

perhaps VO2+) ions. Addition of NaOH to the mixture produces a composite precipitate containing 

Fe, 0.nHO. V,O,,nHO. Fe(OH)2 and VO(OH), [V(OH), is unstable]. We believe that the active 

Fe3 
component in the precipitate Fe O3.n1 2 ,O where substituted by V" to some extent. 

Isomorphous substitution is possible. because Fe3* and V"' have nearly identical ionic radii. Of the 
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photogenerated carriers in the mixed hydroxide holes could be captured by V"+ sites on surface via 

the reaction 

> V4 .+ h+(VB)V 


V4 ' + 4HO > V(OH)4 + 4H* (1) 

VO(OH), 

The reaction product disproportionate into VO(OH), and water. Electrons accumulating will reduce 

chemisorbed ritrogen to ammonia. ie 

N, + 6H' + 6e'(CB) > NH; (2) 

A schematic diagram illustrating the reaction mechanism is shown in Fig. 4. When the precipitate 

is prepared using Fe :* and V"* solutions, the nitrogen reduction ictivity is drastically reduced 

showing that a ferric component is necessary for the high activity. Again pure V(OH)3 , Fe(OH)2 

or a mixture of Fe(OH)2 and Fe,0 3.nJHO are completely inactive towards N, photoreduction. 

Furthermore if Fe 3" and V3" hydrous oxides are separately prepared and then mixed activity is 

again lowered. Above facts suggest that the hydrous ferric oxide where Fe"4 sites are substituted 

to some extant by V"* is responsible for the reaction. The pH of the solution is found decrease 

during photolysis as expected from the reaction (1). 
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Figure cn tgj. 

Fig. I 	 Time development of the ammonia yield during photolysis. (a) Composite precipitate 

(b) Pure 	hydrous ferric oxide. 

Fig. 2 	 The variation of the optimum yield of ammonia with the V/Fe ratio in the 

precipitate. 

Fig. 3 	 Hydrogen evolution during photolysis under (a) N, purging and (b) Ar purging. 

Fig. 4 	 Schematic diagram illustrating the reaction mechanism. 
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Photoreduction of nitrogen and water on 
montmorillonite clays loaded with hydrous ferric oxide 

0. A. llcperuma l, W. C. B. Kiridena and W. D. D. P. Dissanayake 
Institute of Fundamental Studies, Kandy (Sri Lanka) 

(Received September 18,1990; in revised form January 15,1991) 

Abstract 

Montmorillonite clays with interlamellar cations replaced by oligomeric hydrous ferric oxides 
convert nitrogen to NtH1 and 1-120 to hydrogen with higher etficiencies than hydrous ferric 
oxide alone. The enhanced activity is attributed to the larger surface area presented by 
the clay and to the retardation of NH3 photo-oxidation. 

1. Introduction 

Clays are a class of stable aluminosilicate nraterials which readily disperse in 
water, possess large surface areas and catalytic activity [1, 21. The montmorrillonite 
clays, in particular, exhibit the ability to form pillar.ed cc.tpou fd:.: %,hen the ititerlarellar 
cations in the clay are replaced with bulky polymeric norganic cations followed by 
calcination. Such pillared clays have applications as industrial catalysts [1] in the 
petroleum industry. Semiconductors such as ZnS and CS vrhe loaded onto mont­
morillonite suspensions photogenerate hydrogen [3] in the presence of a sacr~ficial 
donor. 

The photoreduction., of ritrogen to NI-13 and H2O to hydrogen on semiconductor­
based catalsts have been studied [4) as possible means of solar energy conversion to 
give useful products. However, the quasntum efficiencies reported for such processes 
are too low to he of any practical value. Furthermore, in the photoreduction of nitrogen, 
the yields of NH, reach a maximum at abcat 1-2 h followed by a decrease in catalytic 
activity. This arises due to competing reactions, such as the photo-oxidation of the 
NH formed, and catalyst poisoning. We have previously reported [5] the photoreduction 
of nitrogen to NH3 on hydrous ferric oxide using visible light. Here, the catalytic 
activiry is due to the stroni7lv negative flat band potential 'rid the stron, chemisorption 
of nitrogen ort the small hydrous oxide particles. However, even with this catalyst, the 
NH yields decrease during long-term irradiation. It has also been orhserved [6! that 
partial loading of the ferric oxide with Ti"v results in enhanced yields of NH 3 with 
no nitrate observed Ltp to 12 h of irradiation. Here, the possible separation of active 
sites for hydrogen and oxygen evolution has been suggested z~s the reason for the 
enhanced NiH, yielcs obtained. A similar effect is observed when montmorillonite clay; 
such as bentonite are loaded with hydrous forms of ferric oxides to form precursor 
pillared clays. Furthermore, such catalysts are also active for photogenerating hydrogen 
from H,O under non-sacrificial conditions. 

'Also at Department of Chemistry. University of Peradeniya, Peradeniya, Sri Lanka. 
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2. Experimental details 

2.!. Preparation of catalysts 
Bentonite (BDH grade) was suspended in water and the supernatant suspension 

was separated front the heavier fraction. This suspension was centrifuged for I h at 
2000 rev min - ' and warmed with AI-NaOH to remove all traces of NHA', NO,­
and N0 3-. The resulting solid was then thoroughly washed with dilute acid and 
deionized water. The analytical grade reagents employed were also purified in a similar 
manner. Iron-loaded bentonite clays were prepared by two different methods. In method 
(a), a sol form of colloidal Felt hydroxo complexes was prepared and !oaded onto 
bentonite: tn method (b), ferric ions adsorbed onto bentonite were converted to hydrous 
ferric oxide. 

(a) A portion of 10 ml of 0.2 M FeCIl solution was stirred -t S0 'C, followed 
by the slow addition of a solution of 0.2 M NaOH until the molar ratio of FcCI3 to 
NaOH reached a value of 1:2.5. This resulted in the formation of a wine red solution 
which is presumed to tie polymeric Fe.. hydroxo species. Tais solution was added to 
100 mg of the purified clay ani.l stirred overnight. At this stage all the iron in the 
solution was adsorbed onto the clay. The precipitate obtained was separated by 
centrifugitg and washed several Jines with deionized wat,r until there was no trace 
of NIa , NO,- or Cl- in the washings. 

(b) Clay-supported hydrous fcrr.c oxide catalysts were prepared in a slightly 
different manner. A suspension containing 5 g of the purified bentonite clay in 200 
ml of 0.1 M FCCI3 was stirred for 24 I. The resultant Fe3 -exchanged clay was then 
treated with an excess ofO.1 M NaOH. The solid obtained was separated by centrifugation 
and washed thoroughly lose their activity on drying, they were stored under wa-r. 

2.2. Irradiation procedure 
Iron-loaded bentonite clay catalysts (200 mg) were suspended in 100 ml of double­

distilled water in an Applied Photophysics immersion well photochemical reactor of 
125 tnl capacity. The lamp used was a 125 W medium pressure mercury arc lamp 
housed inside awater-cooled quartz jacket. The lamp emits more than 7x 10" photons 

-s ' cm-2 inside the reaction flask. Irradiation was carried out under a stream of 
purified nitrogen (not copper pellet column, chromic acid solution, potassium hydroxdde 
aoi As c *,:-,,: r'XtUre WaS 'ia:-':-d 'it2 20 nf c,'.2 M NOH 
and the ammonia in the distillate was determined by the indophenol blue method 
[71. A portiot of the catalyst suspension after irradiation was centrifuged and the 
nitrate content in the clear supernatant liquid was determined calorimetrically by the 
coupling reaction of sulphanilic acid and V-(1-naphthyl)ethylenediamine after cadmium 
reduction. Control experiments were carried out in the dark with nitrogen purging 
and the level of ammonia ohtained here was taken as the zero standard. Control 
experiments carried out under argon with irradiation showed no detectable traces of 
NE-, and ,0,- ntider identical experimental condition,. 

2.3. Hlydrogen evolution irperiients 
Hvdrogen evolution during photolysis tinder both nitrogen and argon was determined 

by gas chromatography (Shimadzu GC-9AM gas chromatograph, molecular sieve column 
and argon carrier gas). These experiments were independently checked by carrying 
out photolysis in a reaction vessel equipped with a polarographic detector (Applied 
Photophysics). Oxygen evolution was also tested using the same procedure. 

http:11.46.13
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2.4. Characterization of the catalysts 
Electrochemical measurements were carried out using aHokuto-Denko potentiostat 

model HA 301. This instrument was connected to a three electrode assembly consisting 
of a working electrode (photoanode), a saturated calomel electrode (SCE)as the 
reference electrode and a platinum counterelectrode. The photoanode was prepared 
by pressing the catalyst into a fibre glass disc. A quartz cell was used to perform the 
photoelectrochemical experiments and a tungsten bulb (100 Vv) was used as the 
illumination source. The cell was protected from stray light and tiledark current was 
adjusted to zero. Tle photocurrent generated under continuous light chopping was 
biased by an externally applied potential until there was no change in the photocurrent 
during light chopping. The value of the externally applied voltage was then taken as 
the flat band potential under the particular conditions of the electrolyte employed. 

X-ray powder diffraction pattertis of the clay catalysts were obtained on a Shimadzu 
model XD-7A difractonieter using Cu Ka radiation. The particle size distributions 
of the catalysts were obtained with a 1-oriba model CAPA-700 particle size analyser 
using tile sedimentation technique. 

3. Results and discussion 

3.1.Charactenzatton of the cataNsts 
The wine red solution obtained by the hydrolysis of FeCI3 is presumed to contain 

polymeric Fe.t hydroxo complexes with the predominant form being a dimer. When 
these solutions are treated with clays such as bentonite, precursors to their pillared 
forms are obtained. The average particle size for the bentonite precursor pillared clay 
with iron hydroxo species is about 0.66 gm in diameter. The X-ray diftraction patterns 
recorded for a cav tilm at 303 K exhibit a prominent peak. in the region 20<10. For 
bentonite this reflection (001) corresponds to a basal spacing of d, = 12.44 A allowing 
only one water monolayer intercalated between clay sheets. For the clay containing 
intercalated polyteric iron hydroxo species, the dn1 spacing is 15.49 A corresponding 
to two water monolayers. 

The absorption spectrum of the hydrated ferric oxide was measured by reflection 
and exhibits an absorption threshold at approximately 595 not corresponding to an 
energy gap of approximately 2.1 eV. The bentonite containing intercalated polymeric 

rpzc.r.'drexoan a';serption threshehd , 52n czrecFcn =1 !C has -.
an energy gap of 2.38 eV (Fig. 1).A similar observation has been reported by Bard 
[8J where tile absorption edge of CdS is shifted towards the UV region on intercalation 
to montmorillonite clays. 

Anodic photocurrents produced by the illumination of the catalyst electrode were 
collected by a platinutim flag as described in Section Z_. In all these experiments, 
potential shifts occur in the negative direction with reference to SCE.The flat band 
potential values become more tiegative with increasing pl-I (Fig. 2). This is similar to 
the shifts observed for hydrous ferric oxide which has a fat band potential of -0.34 
V (v's. a normal hydrogen electrode at pH 11 [9]. Under these conditions, the position 
of the rnriodction hand of a-FeO 3, which is normally thermodynamically unsuited for 
hydrogen generation, becomes sufficiently negative for the photogeneration of hydrogen 
from FIO [5, 91. 

3.2. Photoreduction of itrogen 
The montmorillonite clays, such as bentonite, can be readily dispersed in water, 

possess large surface areas tapproximnately 750 m. g-') with avery high cation exchange 

n,:
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Wavelength (nm) 

Fig. 1. Reflectance spectra of (a) polvneric iron hydroxo species adsorbed onto bentonite and
.b) ater reatng at:_'no- t- for 4 h to givc ttic pillare torm. 

pH 
2 4 6 8 10 12 14 

>b 

Fig. 2. Variation in the flat band potential values (cs. SCE) with p-I of the catalysts: (a) polymeric 
iron hvdroxo species adsorbed onto bentonite; (b) hydrous ferric oxide. 

capacity (approximately 100 mequiv. per 100 g) and exhibit unusual intercalation and 
swelling properties 1101. These properties seem to be particularly advantageous for 
the preparation of efficient semiconductor-based catalyst systems. Furthermore, since 
bentonite is a phyllosilicate havine a sheet-like structure with a negatively charged 
surtace 1l1. the separation of charge carriers photogenerated on the hydrous ferric 
oxide may be possible. This could generate separate sites for photoreduction of nitrogen 
and for photo-oxidation, thereby preventing oxid'tion of NH 3 to NO- which is 
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detrimental to the catalytic activity of this system L5]. 
Figure 3 shows the yield of ammonia and nitrate from the catalysts hydrous ferric 

oxide, bentonite loaded with hydrous ferric oxide and precursor pillared bentonite 
loaded with polymeric iron hydroxo complex at pH '0. The optimum NH yields are 
obtained at this pH value. A feature commorL :o all catalysts is that the NI-I 3 concentration 
in the solution rapidly increases, reaches a maximum value after 4-6 Ih and then 
gradually decreases. This decreas,; is followed by a concomitant slow increase in N0 3 ­
concentration. It is clealy seen that the NI- 3 concentration for the iron-loaded bentouite 
systems shows an enhancement by a factor of about three. In addition, the maximum 
yield of NIh is reached after 1 Ih for hydrous ferric oxide, whereas for bentonite-Fe'O 3 
this period is t l. In tile lartcr case NO 3 - formation appears only after 6 I. This 
observation supports the hypothesis that NO 3 - formation inhibits the photosynthesis 
of NH. The formation of NH 3 c-,n be expressed by reactions (1)-(l). The quantum 
yields observed for Nl-lj forttation are in the range 0.01%-0.02%. 

FeO Fe.O 3 - ) (1)3 

N._+6H6e- 2NF-1 (2) 

2-I.O + 2e -. 2OH- 1-. (3) 

21-'O-,-4h -. O-4-,1 (4) 

In tile case of water decomposition, nulticlectron transfer can be enhanced by 
loading the catalyst with noble metals such as platinum. However, platinization of the 
catalysts employed in this study resulted in a loss of catalytic activity. 

The forrnation of N0 3 - on irradiation cart be attributed to the oxidation of NI-13. 
This process most probably occurs via the participation of hydroxyl free radicals formed 
by the capture of phorogenerated holes by adsorbed OH- ions (reaction (5)) 

OH--h - OH (5) 

I 
-I 

~~/\b 

(0,01 8 net24 
Time (h) 

Fig. 3. Variation in ammonia (a-c) and nitrate (a'-c') yields with time for (a) polymeric iron 

hydroxo species adsorbed onto hentonite, (b) hydrous ferric oxide adsorbed onto bentonite and 
(c) hydrous ferric oxide. 

30
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The mechanism of NH oxidation by OH has been deduced by flash photolysis experim:;nts 
f2] and the end product has been identified as HNO. This may further react with 
, .gen to yield HNO2 . The oxidation of NH3 in solution to NO2- during UV irradiation 

in the presence of semiconductors is well established [13, 14]. In our experiments, 
the initial formation of both NO,- and 022- was detected. However, irradiation over 
a longer period of time caused a gradual decrease in concentration of these speri-. 
resulting in NO3- as the final oxidation product. Oxidation of N02- to NO3- could 
take place via the Involvement of photogenerated peroxide ions. Nevertheless, the 
extent of NO,- formation is less for the Fe 2 t3-loaded bentonite systems than for 
hydrous ferric oxide alone. 

Heating the precursor pillared clays for 2 h at 250 'C results in the formation 
of a pillared structure of the iron oxide in the layered silicate. However, these catalysts 
exhibit little activity towards nitrogen reduction showiig that a degree of hydration 
is crucial for catalytic activity. 

3.3. Photogeneration oJ hydrogen 

Figure 4 shows the yields of hydrogen obtained on irradiation (400 W mercury 
arc lamp) of a catalyst suspension of the hentotite precursor pillared clay containing 
nolynteric iron hyvdroxo species. After 8 It, hydrogen formation is higher under nitrogen 

and. after 2-. i. 920 td of hydrogen are produced under nitrogen. A similar observation 
has been made by Sclrauzer t al. [161 for Fc-TiO, catalyst and attributed to "nitrogen­
stintiaced hydrogen production" (reactions (6)-(8)) 

N,+2e ±214- - N:H- (6) 

NJI, -- " N2 1-14 (7) 

1, N: 21., (8)N2 

~2 

260 ­

(0,0) 16 24
 
Time I(.'
 

Fig. 4. Variation inhydrogen yields with time under argon and nitrogen for the bentonite catalyst 
containing polymeric iron hydroxo species. 
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Hydrogen and oxygen evolution rates were independently measured using hydrogen 

and oxygen electrodes and a calibrated membrane polarographic detector. Argon 
bubbling was carried out after each irradiation to eliminate dissolved hydrogen in the 

reaction medium and repeated irradiations were performed. The results show similar 
variatio':s for each cycle. With the ferric oxide catalyst systems investigated, oxygen 

evolution is observed only after long-term irradiation. It is suggested that hydrogen 

peroxide is tormed front OH radicals (reaction (5)) and that oxygen is formed from 

H2O 2 . Our results show that 3.5 jimol !- of peroxide is formed after 12 h of irradiation 

(cui lri,letric determination using 13- formed when these solutions are treated with 

acidified KI solution). 
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The ultrafine particles of FeiO)Oll formed during ihotolysis of iron(lit bicarbonate solution at.foundto be photocatalytically active in reduction of dinilrogen to ammonia. The method of preparation of thecatalyst, ammonia yields obtained, and the reaction mechanisms are discussed. 

Introduction 
It is well-known that semiconluctor particles have the

ability to photocatalyze up-hill chemical reactions that 
necessitate iultielectron ti sns'fer.1.2 AIthough the tin-
version efficiencies are below the level of practical utility,
photogeneration iif hydrogen an d/ir ixygeti can hie 
accomplished with semiconductor catalvsts.,-'There is
also evidence that sernici ntdtuctoir particles catalyze re-
ductitn if dinitrgen to alt nia.t-ti11 Several workershave repurted that ntrii etlpurged aqueott. stispeltsiois
of "'iO2 yield detectalie qualitities of aiiottia. I 'The 
efficiency if it seniconductir catilvst depends oilseveral 
factors, e.g. (1 hand gal aid hand pisitions, (21degree

It which the reactaita are chenisiirblwd lilt thle surface it

the catalyst, and 13)carrier miiility. It 
the case of N,
fixatiio, tle most severe limitatio is ihemisorptit (if 
N2,10 In an earlier .vork 

l 
owe have 1i eldthat the Itydrtis 

oxide offiron(111)issuperio~rto T['iO:,becau .im-
ihi'ahilitv
tilchemis rli itrogis. The ortility firtl I f hdrius 
d Cli)oxidil fCl2 It IpIllsii tn(iie leIIii (ifllreoiaraIt till 

whicit afffects tie Iisrticle u;e, tI( ulc'rU' ifIthdr.atiuui, 
find the presence l cinllinijtits. '.

'
1 

It this wrk, %%p
descrihi liur restults (illnitrogen iloreductiii %itt :1 

more effective iron III) ixide vattilyst prepnred 
 iv uho-

tohydrolysis if iroll) icarbonate soluti. 
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E'perimental Section 
The dlifficully of oblaining reproducible results In photo­

reductionifnitrogen results from contamination ofthechemicals, 
water, fil tlie enrnoll invt with ammonia, ittrates, and nitrites
IN2 reducing catalysts will also reduce nitrates and nitrites to 
auniictnw. Consequcntly,the fnllow.ng extreme pr,,cautioaswere
taken. |lighest qualitychemicals were used and ammonia,
nitrate, aod iintrite con teltsassessed (ammunia 6y the indophe­
solbluemetild," nitrates by cadilnion reductiut, azodyeatidtest for fitrltecsl. Irof ll) bicarolnate was prepared by thefilliwiig maethod ii a glvebox. Excess NaOll was added to a 
0.5 NI sflution iif FcSt) (Analalt) and the mixture was boiled 
wTt Irte ahiminui granli s. "'hisIprcessconverts nitrate and 
iltrite clntaminants it ainnmmnia, which isexpelled. Whenall 

alrnintiiniin is ciiiniined, the irecifitate ofFetOil I? was washed 
witlhipreviuslyfoicdo.1 MINatll I filwed bydeiuized distilled 
wilter and filtered.hlieprecititate if Fet0i), wai transferred 
Iin noiher se,,4el cionitaliillng oxyt;oiitree water and purged with 
linrbiie, [tie Iinisilutie facv in wa reovedl fl filtration.I liermt i,thart ul et riuitu witalirei iy f eiltrilWas 
found finieire .i i iontmt rii it ratoto (ielimit oftheir'' 
dlct lhiftv la rvtliveii and NO i.1 ioo i. fiii Ni l,. 

The V.' rlniliitr;itiil rontll)inthe fiiirfonate ,olution was 
esIt:nltril Iv ationo afilrtitloi st 'rtrsrupy (Shiinad u AA. 
11711).I,'tliitii hinie'ii thriugftiereacttrwas stimated 
by ferrixafite actinimntry. 

fol'litly,is exllelt 

n 

were carried lutin a 5fl.rnL photo.
chemical reactor(Applief l'htlivsics)with a It0-W medium. 
ptusnre lig tall hused ina dloffle-walletlwater.cooled (26
"'fquartz rylinder.Irifll) bicarbiiiate silutiii was contaled 
infile nnulnr roginn 1 -01.751cm thicknesal between the quartz 
cylfndr ani the iirisilicate otter jacket. Three hundred
milliliters ofiron(li hi'rrfuinaie ultiii (IFe"'I - 1.7 X 10-4Nil i lierocti k initly iurgeiwith N, (99.99!5'1)
iilli 'liibertnr-s tucl d ifuniugli tlrie ( t ai .,lii d t go ing 142 ' I ed throu gh d iluteI t('to trap , ,y 

escllllilt n llinllilnia. Alter tie 'xlevriloent was run for a given

interval (t time, photiflyzedsoltiio was miadealkaline with

NaI (previusly iild til rinove alny NHlO 
and distilled.
Alillii i lie distillate was estiouited by tie il iphenol blue 
ivlilIlllif. lile Sllin ii-o¢ dure ivas iiltifltloil ls lilate sinnllliah in r(v uew sa o tdtetn m o i 

inthell f rpll . 'Tii estinuitethecl'rrnriirigiatiilingtroilnainmolnia
 
l; bfitlank
exliroilnnL4were c u'Oifihctedvitli the illpswilificd lIf %fitl N? Iplr~lluland limt switched oi with Ar
IuiI'tglnl:. iL, if liotilill ill Ile ditilflte obtained froin
The 


"1) kthese eatueruleltla wr'e clVlnlArl ,"nt11u and taken asI L 

i1 n,M.J. ilecftrianat. C+iem.haciafElctrchem 1985,9llt 
181. :107. 
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i 
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the tern in calorimetric estimation. In a separate experiment. 
an irondll) hicarbooate solution, initially purged with Ar, was 
also irradiated aid the IIIliberated was moltored volumetri­
callyat atmispheric pressure hy gas chromatography (Shinsidzu 
(C-9AM gas chronstograph, carrier gas Ar, molecular sieve 5A 
columln, Itherrosl conutictvity (lItector). .pectreThe slrorit 
of irradinted solutions were .obtincd with a Shlniad;u UV 3U0 
spectropltumeter. 

l1cults and Discuision 
It is well-known that photolysis of Fe& ion in aqueous


medium yields hydrogen viathe reaction 61 -
W 

e
 
22Fe * + 2H 20 2Fe'+ + 20H-+ H2 (1) 

The primary reaction leading to (1) is formation of a It 
solvated electron or a hydrogen free radical, i.e. 

'
 Fe* -hFe*+ e" (2) c 

Fe*(aq) - Fe + H + OH- (3) 
Generally high pl values favor (2) and low plt values a 
favor (:3).'s Otn ot the hictors that limit tire quantum I _"-_--­

yield of hydrogen tront (1)is the reverse of the reactions 300 400 500 
3
2 and :1.At higher pH values (>6), Fe lforited by pho­

.tooxidation undergues hydrolysisi /nm 
2Fe + 311,0 -- Fe0) + I (4) Figure I. Ahsorptionspectrumofa iron(ll) bicarbonetesolution 

O (-l " NI) photolyzed for (a) 0.5 h. (b)I h. and (,)2 h,(d)
absorption spectrum before phitolysis, and (a) absorptionand tile
net reaction becomes 
 spectrum of Fe(O)OH aqueous sulution. 

2Fe' t FeO + 
4H+ 60+ :IY,0 3 + 12 (5) o& 

As the hack reactions of (2) and (3) are suppressed by 
hydrolysis of Fe3 * , the quantum yield of H7 from (5) is 
much higher than that from (1). ''he spectral responses
of reactions I and 5 are also different.'s - ' Reaction I is 
sensitive only tothurt wavelegth IJV (-2I1 rtm,whereas 7 .0 
reaction 3 can le carried out with lung wavelength UV -i 
and netr-visible (i.e. up to -.2)Onm-.1. 2° The dilference 
il spectral response is ittrtbuted to presence of IFe(OIt)- / :
 
(will, iots ilt higher concentrations at near neutral 1i)119 L b/ ti 
Iron) Ill) oxide foirmed via 15)is oneof the hyirated forms, 20 / 2 I 
generally FeOl)OH.' 'lThe piIof the iron(II) bicarlnate /
solution is ill the range 5.5-6.0 anti phitolvsis prceeeds
via 15).However, there is ai ittportatnt diflerence wheii 
compared to photolvsis of allironlll) sulfate solution of 
e(uivielint I Fe;,l and pil Ip11 adjusted with Na()ll) Il 
the lattercase, FietO)Oi, which is photigeneratedi, rapidly 8 
coagulhtes and settles dohwn. This di fcrence could orig- 85 24 
inate from th- folliwing: (1)iltthe Ie2i() 4 solutio., tite IME/Ih
pliadjustmet with NaOll always yields so.ne iron(ll) Figure'. Timedevelnpmentof(a)INHiland(b)[NO-1 during
hydroxide which acts as the nuclei for coagulation; 2) thp photolysis of the N, purged iron(ll) bicarbonate solution (- 10-4 
ionic crncentration isIt igher ittlieFeSO sltit ion. Figure N).
I shows the absorpttiot spectra of a iron( II) hictlrhnotate 
solutiin (initiallyX I)0 irratlioin for (]rated atl anhydrotr). On prolonged standing (over 241.7 M) after 
differentintervalsoftrie. 'I'le position if the listrption h)of the irradiated solution, the absorption spectrum
edge is at 191)ritn and a gradual redi -shiift is nted with re? ml tes that of Fe(O)OH. The above observations 
tire progress of irradiation. It is important tr riti ltt suggest that during irradiation of iron(ll) bicarbonate, a 
tile arove vilte is imucli'rinaller (han the ahsorpliont edge colloilal solution of ultrafine particles uf Fe(O)Oli is
psititn if different foririrs io F(-,. 1 tlad Fe(0)(lI (hy- formed ld tire tlte-shilted2 slrectrun is a ctnseqtuence of

siZerlirtizatiirt elfect.22-. Figure 2 illustrates the 
lf)Wei,,J. Nature 191.5.1,:6,791 develhpent if the arirnria concentratihn during irra­
1171I). E.; .1.1 (hr- . diatirn of the irnl),., 1V,, S,,, 15r, hlicarrimite solution kept psur''rgSHM)Sl .k,,.I.. J ,%V Is ,i.. . n [I. + lluitK tt,iN 6, N2.Chmios :\,ih,v:*r Y.rk 71; iith w Figure :1slnvs the hydrogen generation from a 

109)1eriannrin. Smith, A. G;.: ft. V Nture, solttil o iron(Ill) bicarbonate purged with Ar prior to1'.S; Vuirn Sbsper,

s5.1,/ftj, 16"1 irradittion. Initially N 2-purged solutiuns generate h.

I.1)1Irltcuniri, 1'..S: CairnSuhit. A. G:- shtwr,It. W,; 'l'rlu t,


M J ..r. 1; ('rw.. uhenS Nall o /'rant.s 1981S l.,ill.421)lrou%3La. Z.A.; Motuxerall, I). C.Nrigiss IsleEir. liu.,phere 1221Itraras, L. . J. Chem. Phy,. 1963, 79.5566.(557. 17. (2:)11t-u,. U,;Ilenglein, A.Langmuir 189,5. t01L. 
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Figure3. Photogeneration of hydrogen from a 104 Nisolution 

drogen at a rate comparable to Ar-purged solutions,
However, in the latter stages of photolysis lesser amounts 
of H 2 were liberated from N 2 purged solutions. The yield
of amotnia from the present system is higher than that 

1from other catalysts under similar cunditiuns.3 
-'- The

initial (quantun yield of NH, it the present system is 
10-". The hydrous ferric oxide system reported eurlier'0 

gives quantum yields oif the order 10-1 or smaller. Other 
systems reported in literature give still smaller quantum
yields..'. 6 In aseparate experiment, we found that N2is 
not reduced by Fe: * ion or Fe(OHl 2 to any detectable 
extent in the presence or absence of light. (However, we 

found that Fe(OH) 2 very effectively reduces nitrates and
nitrites to ammonia in a thermal reaction.) rhe above 
observations clearly prove that the ingrediant which 
catalyses N2 reduction is colloidal Fe(O)(l formed hy
plhotoltydrolysisof iron( II) bicarbonate. Electron and hole
transfer reactions occurring at the surface of the particle
would he 

N, + . 6e" - 2NHI3 (6) 

conductnIt _,
3HgO + 614' - /2O2+ 6H° 

7) 

vilence band 
In the initial itages of the reaction, oxygen generated via 
(7) could be consumed by ironlil) bicarbonate to yield
Fe(O)OH. The removal offO 2 wi!l enhance the production
of ammonia due to suppression of oxidation. Infact, the
nitrate level in the photolyzed solution is quite low tnbegin with (Figure 2) and increases on prolonged irradi­
ation when all Fe 21 is consumed by pliotohydrolysis. The
catalytic nature of the reaction is suggested by the following
observation. When IFe2 

J is kept very low, - 10-6 M, andthe irradiation is continued -18 h, the yield of NH3 is
found to lie higher than the initial Fe2

t content. When 
a filter that cuts off light of wavelengths below -300 nm 
is used, the NI3 yield is drastically reduced. This 
observationshowsthat finer particles have higher catalytic
activity. There has been a suggeition that precambrian
handed iron oxide formations have resulted from photo.
hydrolysisofFe2' 3 2ions in the ocCansiS. It is conceivable 
that photocatalytically active iron(II) oxide particles
formed during photlysis of Fe' ions were effective in
promoting other chemical reactions of prehiotic impor­
tance. 
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K, aei achchi ttmuha 

whih I ac~iitatd byte N'afi olymi atrad.*r~~4 ;.u 'u1;uiiailm n diuuuti6iJv{viliti utiium siz lkalnepHRixen nai reductively aa i o iparnicies otnyarous irnmativelytathesametimin oexiiimersedl In aeadtocatal c raction 

intionAn idea device forthispurpose shAleld have the K. Tha aid Upuge ii S rate0 

Isithe ndophenol, Blue method and NOL-/Oa by 
ssem which gives encouragemenclt fur prctical phbooixationf N. We have fount] that hydrou nmded Cd reduction test. As a check 0on() conitarninati0n, twp :aneazO-dorphyerosi were connducted: lamposmwitched-ofr t aalkalineiatr ppH yields oh NHi wieha coated film and (2) ampon wth an uncoadfind NOiN' upon N nooth NH3 NO-INO3 levels in these were negligiblebInhnabill experiments.extreme pr cautionswere taen to avoidr
 
N cH m iNO.-!N0 Nation filmwe(Nation and
and contamination out-going gasoexamried :(hinIidzuGC.9 Athe ). H117. DuPont) cleaned bv reiuxing inconc. HCI and repeated and small qtmntiles werc'dcti:-td and the yieldwashing. and boiling in distilleda water.was wth oftheioaded ; with ncteAr purged s(utpons'witssllghtly higher.hydrous irn(ili)oxide as fpllre tilmwas immersed ink tg 2 sh the levelspintese werednelgil: 

c 
inhe 

hydouirn~i) xie a fllos-The fmwaimesdi Fg hows thedce'velopmnent of the'reduced (NR = [NH,1),0.1 mul din-, aqueous FeC 3 (pH ca. 1.5) for'30 min, rinsed in oxidised (No= INo.i I+ [NO 3- )'and total fixed (NT = NR +water and again immersed in 0.8 mol dm-3 NaOH for 45 m; NO) nitrogen concentrations in the 'air-purged (AP) and N2durng whichquantum particles3 of hydrous iron(ui) purged (NP) solutions, In both cases NR .x.deincreases at abecome embedded in the polymer matrix. Thesize of the decreasing rate. but quite unexpectedly AP solutions givecrystallites determined from:X-rav diffraction (XRD) using higher yields in the initial stages of photolysis. Again NPSherrer's equa;on was ca. 48 A Extraction of Fe from a solutions show detectable No onlh at later stages whereas therampleofthefilmgav ;thedensity distributionasca. 2x 10-1 AP system gives much larger amounts of No from theFe-, mol cm".- The. absorption spectrum of the film begInning. Clearly NR is always higher in the AP solution .11, ,compared with that oif an aqueous suspension of hydrous Under similar conditions NT froim an equivalent quantity-ofironti) oxide shoAs clear evidence for the size qiantization bare hydrous iron(ii) oxide reaches a saturation value of ca, ­blue shift-- (Fig. 1), Ol Imoli 1in about3h.
 
Irradiations were carried out in a 500 ml photochemical


reactor with a water cooled (26 'C) cylindrical quartz inner

jacket where a 4*1(W medium pressure Hg lamp was housed.
 
The Naton film (Il0 X 20 cm-. thickness = 0.0175 cm) was
wrapped around thc cylinder and tied by a thin Teflon tape., , 
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The general belto is thai NP sem,'onditelor dispersons 

N, o -I ne - Icontduction hand - 2N1 1, 

2 .1 - 4h"I ale.ic hld I (.),411 t2) 
M- ( . . -,. Qtf-

2HO -N, - O:-,-211 4H -+ 2NO.,- (4) 

In addition to the activation barrier, reaction (3)necessi-
tales transfer of sixholes compared to l'oilr in the cae t 
reaction (2).Thus. reaction ,3)cattlut happen to an appreci-
able extent Ismall quantities of No seen in NP systems -' 
probably originate front photioxidatiot of Nil, by 0, from 
reaction (2)]. In the presence of 0,, another hole-consuming 
process is possible [see reaction (4)]. The reaction between 
chemisorbed N, anitd involves transfer0, ismore probable as it 
of two holes compared to six in the case of reaction (3)..\gain 
the hole-transfer to OH - leading to reaction (2)is suppressed 
as the cation exchange ntembrane cannot easily accommodate 
OH- ions. We believe that reactions (i)and P) lire 
responsible forthe photosynthesis of Nitand N,) inthe AP 
Nafion-lhsdrous ironilll stem. acceptsoxide As 0. readil. 
electrons to form 0, . which in turn sCasetIges holes, the 
reactions (1)and t4)occur more effectively, when electron 
donation to 0 iss.uppressed. Priisumah,. the tncrocilsr);t-

isleperuma 	 sun.­ment ttf the Nation matrtx, is suppressm the trinialon tif 
it~re(Il) remained
0, - Ifyvdrated oxide-loaded Nation films 


activ e for nearly ) h of irradiation. litOsever. on repeated 
use, some deterioration sich affects NT as %%ellas the relati'e 
proportitnis o NR and N,) is noted. -Fhe )ptimumpHf forbitth 

N1 ind N, .ields is ta. 12.0. At neutral pH-1they are reduced 

tiid: fhitl, it in tillasIourable tirection vlh the decreise of 
pii." rhe twsoopposing effects leads to an optimum pti. 
Ittrthernt rc.%silt pr,)gress Otthe reaction, pH decreases 
resultine in a tradtal decline if the rate of poduction ifN,, 
tri. i N_-:N01- depettds on the pH andlie moiar rattt 

the rate of purging.


Reactittns (1)-(4)indicate the possible overall stoi­chiomeirs in fixatiot of N,. As multi-electron transfer is 
m
 

lighl. improbable the above reactions could involve several 
prmary steps. 
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PHOTOINDUCED OXIDATIVE NITROGEN FIXATION REACTIONS 
ON SEMICONDUCTOR SUSPENSIONS 
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UIpeisaII rtithtI.nLiiiI 

nitrogei to A n ll1a1 
\ni hL.lIC1h N01 d0ped Fi1) photo',Lctalses thle canersian of molecular 

in11And litrite Under irridiLtian %iithLV light. In ctrnpari on. the TiO, 
catal,,t, %iitl the metals mercury and platinum appear to produce predominantlycoated Ails.er, 
ammon a Zno onl. In photo.iisdations molecular nitrogen is%%tile produces titrate. these 
initiall, reduced to NH, whtcn then und'ergoes further reaction with photogenerated hydroxyl free 
radical, to icld tar itc. 

I. Introduction 

Pltotlixaittt"l dinitroien oti irradiated semiconductor surfaces is an1 attractive 
way if' solar entre,,% conversion [11.Seeral Tio.-hased catalsts produce ;,mmotnia 
upon irradtatiot %tth L,' lthht tn a streat of N. Solids [2). walcrs (3] and aqueous 
.suspensions [41have been emplo",ed. The yields in all cases are small (10 " tool 
ran,ce) and the act. itvdecreases kitlh I mie [41. Compared to photoreduction of N, 
to Nli,. there islittle wvork reniirted on oxidative nitrogen fixation reactions on 
irradialed setnt-Wiductor surfaces. flickiev has reported [5] the photo-oxidation of 
N. to No ,ilI'V irradiatCd rutile wvhile Schrauzer has observed the photo-oxidation 
o' the initiall, frned NH, to NO. on Fc-doped TiO. [1). On account of the 
reported [6] phito-ixidation ol Nil; on TiO, it is conceivable that the decreasing 
yields in most ot' these reactions is due to photo-oxidation of NH. Photoreduction 
of N. to NH, on Ru-doped rutile has been reported [7].With the latter system. 
however, we find that NO, is observed in higher yields than NH. On the other 
hand TiO. powders coated with Ag. Hg or Pt oxidation catalysts whileare poor 
exhibitingi tnoderately high activity for tilephotosynthesis of Nl. With ZnO, 
however. tihe only photoproduct is NO. 

2. Experimental 

2.-. Preparation 01 catalysts 

Ru-doped TiO, catalyst was prepared by mixing TiO, powder (99.99%, Aldrich) 
with RuCI 31-1,0 (so that the final product contains - 0.2% RuO,) in aqueous 

0165-1633,S9 'S03.50 '.Elsevier Science Publishers B.V. 
(North- Holland Physics Publishing Division) 
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solution. The resultant slurry was first evaporated to dryness and then heated at 
10000C for 2 I in air. The netal-coatCd powders vcrc prepared b' Mixi ng the 
appropriate metal "alt ,olutiM of Pt. I I' and .\ with li(), in the preence of a 
reducing agent such a,citric acid followed h, irradiation of the suspensions under a 
UV latnp for 4 h.ZnO was prepared Iv heating freshlv prepared Zn(Ol-l), at 
300'C for 2 h. All catalvsts and reagents were carefully purified to remove any 
traces of NII, and NOI hy warming with AI/NaO-I followcd h repeated washing 
with deionized water. X-ray po der diffraction spectra were obtained using Cu K ( 
radiation on a Slinradun mode! XD-7A diffractometer. 

P../ro(
t-durte
 

01.200 g of the powdered catal ,t \a, sus.pended in 3(10 ml of double distilled 
water and irradiated with stirrirg u.sing a 4010 W mediImi pressure mercury lamp in 
anl immersion well type photochemical reactor (Applied Photophysics). This lamp
produces --5 x 101" pholons.,'s inside the reaction flask. ,low stream of N,, 
purifiCd h% passing through a heated copper pellet column, chromnic acid solution. 
Na()H solttion and water was pas,,ed through the reactor. Control c\periments 
were carried 0t tinlder argon ijid IIIthe dark. \t the C1d of irradiation. M0 nil of 
0.1OI NaoH wa s adCd to the reaction flask alnd lie content , %cre distilled into a 
receiving I'lask. cointaiimrg () il of 0.10.M HCI. Fhe ammonal thus ah,,orbed was 
determinCd h, the indoplInol hluc imethod 181. i.,, to 
termine N 1- concentrations in the 1-51 iiinol / range. The nitrate present in 

M [hi, mithod accurate de­

solution was determined hv taking 10 ml of the solution aftcr centrifugation to 
remove the catalyst. followed 1v a Cd reduction and colorimetric determination 
with sulfanilamide coupled with N- I1-naphthvl) thylenediamine dihydrochloride. 

3. Results and discussion 

The experimental results are shown in figs. I and 2. The yields are in the .mol
 
range and comparable to those reported hy other workers. Ru-doped TiO, is the
 
most active catalvst for N, fixation with higher NO, vields than NH. 
 Another
 
noteworthy obhservation is that the catal'tic activit tlos not decrease at least up to
 
24 11of irradiation. After 24 h1.there was a gradual loss of activity arising prohably

fromn hack-reactions as well as due to blockCd catal\tic 
 sites from irreversible 
adsorption of NilI and, or NO . The total nitrogen fixed (3 itnmol after 8 11)is 
higher than the yield of NI-I reported for catalytic .vstetns such as RuO. -NiO 
B1mTiO . The liuamtuni yield for this reaction is -0.02';. The nietal-coated TiO, 
catal.:,ts on the other hand are moderately active for N i, syn thesis while vielding 
only smaller an unts of NO, . With ZnO. however onl NO is produced under 
identical experimental conditions. Control experiments carried out under argon and 
in the dark produced no detectable traces of NH], ( < 0.1 /moll or NO ( < 0.01-
[Lmol). II order to cstablish that the NH, and NOI arose from the photochemical 
reaction of the catalhst with N(). the catalyst was rec cled a few times. Results 
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Fig. 1. YieldsofN H 1 NOi- for RuO,/TiO.: (0) NO, (e) NH-t and for ZnO:(A) NOjV, 

obtained for the same duration of irradiation were identical within experimental 
error. This establishes the fact thait any; photochemical reactions~with a thermally 

prefixed nitrogen moiety formed during tfe calcination
insignificant under our experimentad conditions'. 

stage to give N, are 

-W . hen semiconductors such as TiO, are used as photocatalysts
electron-hole pairs are generated-,on the semiconductor surface: 

under irradiation, 

*K TiO, /.,TiO4* (h', e-), 1 

The excited electrons are used for the pnotoreauction of HO to H, 
2H,O+2e-; H,+20H . (2) 

which in turn is utilized for NH3 synthesis. 
:. A mechanism involving direct. reduction of N, to diazene which eventually

udisprportionates to NH3 has also been suggested [1]. The photogenerated holes 
acouldoxidizewater to.oxygen and also oxidize any adsorbed OH to OH free 

i 

-

-').. 

41h'+ 2H 2O 0 2 +4 H+, (3) 
11'+ OH- -OH* (4) 

The photogenerated OH free radicals could bring about the oxidation of NH 3 and 
could explain the decreasing ammonia yields with a concomittant increase in NO 

1 
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catalvtic activity was found to 	be - 0.2% (as RuOG). Such catalysts have greatercatalytic activity in
powders. terms of the total nitrogen fixed compared to physically mixedThe activit% of metal-coated TiO. catalysts can he attributed to the 
enhanced H. evolution of these surfaces. However. the NI yields differ only.liehltly for the metals. Pt, Ag and Fig. Furthermore. as hole transfer catalysts thesemetals are interior to RuO. and hence the higher yields of NO1- obtained with Ru 
doped TiO, can be explained.

The most s&gnificant findii,g from these studies is the eventual photo-oxidation of
the N. molecule to the more stable NO,- via NH,. Compared to direct oxidation ofN 1-I hv O_. a pathwav involving the reaction of NF-, with OH free radicals orpero\ide moreIi avourable. Thus we find no Swiificant variation in the ,ieldsN -t ind NO. %Ahenirradiations kcrc carried ouit 

of 
in 	 air instead of N. Theforination Of .itdso1hed HC). on TiO, surfaces is now established [Ili. It is now 

cenera ilheliCyCd tha the dimerization )I the 01-1 tree radicals formed during the 
capture i' Lurfatce ()I[ h. the photogenerated holes !ives rise to adsorbed H,()..The formation of 01-I free radicals has heen proposed [121 in some hvdroxvlation 
reac:tin, ,t1oramiic substrate,, iiduced by near ('V photol\,)is of ;iq,'"ou. TiO,,,,,,', !O!,. FroIn the '.ailiable e%.duc we propose that the N -t,first undergoes
[I3 o\idation h ()-1 tree r:idicalk to give NO, which in turn gets further oxidizedh'. 1.(). 0,[\(), -\ltlhuzIi II Our expertment,, traces of No, could he detected 
drn.,Ion, ti Ic rraalianon,,i -- 11 hi. NO,- is the predominant product. With ZaO
-uspensio. the ,,ni product obtained is NO,- with no detectable amoutlS of NH-,

VI ii:tinIt 1.lSeentl ,h hat1i.i :rrodiation of Znl) -u.-,pension.,, roducCs 0.

under L. illumAnation 
 [91. The uperoxide could disproportionate to 0;- and

alone with the ()1 free radicals would lead to NO- as 
 e final product. 
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ABSTRACT 

a:;im doped titanium dioxide was found to coavert nitrogen to ammonia uon UV ­

diation. The effect.; of tagnesium dopant level. calcination temperature. duration of heating of 
the catalyst and p 1 affect the antnionia yield. The optintuin coiditions were 2--1%nagnesitim 
doping level and heating of the catalyst at 50() C for 2 I. 

Ke.Nwords: magnesiunt/titanisj, att synthesis, photocatalysis. catalyst prepa ration (netaloniia 

doping) 

INTRODUCTION 

Metal ion doping of TiO,has been investigated as - possible way to improve 
the efficiency of TiO_-catalysts for the photosplitting of water [11 and also for 
the photoreduction of nitrogen to ammonia [2]. Doping with a metal ion of 
different valence is known to alter the catalytic properties of a semiconductor 
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[3 ]. This can also improve the adsorption properties of the catalyst and extend 
the absorption of light to the visible region. In our efforts to optimize the pho­
toreduction of nitrogen to ammonia on semiconductor surfaces, we have stud­
ied the Mg2+-TiO.. system which exhibits enhanced photocatalytic effects 
compared to TiO., alone [4]. The efficiency of this catalyst was found to de-

N 2pend on the level of Mg doping. mixing temperature and the duration of 
heating of the sample. 

EXPERIMENTAL. 

Preparationof the catalyst 

TiO. powder (BDI-) was first suspended in distilled water and the calcu­
lated amount of MgSO,.7H,.O (AR grade) was added. After stirring for 24 h, 
the mixture was evaporated to dryness and the samples for this study were 
obtained by heating at different temperatures for varying periods of time in 
air. The catalysts so obtained w_,re characterized by X-ray powder diffraction 
on a Shimadzu XD7A powder diffractometer. Particle size analyses were car­
ried out on a Horiba particle size analyzer using the sedimentation technique. 

Irradiationprocedure 

All irradiations were carried out using a .400 \V medium pressure Fg arc 
lamp. The lamp is housed in an immersion well type quartz reactor with an 
inner water cooled jacket. The lamp produces > 5X 1019 photons/s/cm 2 . An 
amount of 0.200 g of the catalyst suspended in 300 ml of double distilled water 
was irradiated under a slow stream of purified nitrogen. Control experiments 
were carried out under argon and in the dark. After the irradiation, the con­
tents were treated with 10 ml of 0.11) M iNaUHt and the ammonia distiled oft 
to a receiving flask containing 10 ml of 0.10 M hydrochloric acid. 'I he ammonia 
in the distillate was determined by the indophenol blue method. 

RESULTS AND DISCUSSION 

Fig. 1 shows the effect of different Mg 2 doping levels on the yields of am­
monia and NO - obtained. The optimum yields are obtained after ca. 2 h of 
irradiation. The ammonia yields after 2 h were highest for a Mg2+ dopant level 
of 2-4%. A similar effect was observed by Kiwi and Graetzel [4] for hydrogen 
generat;on over Mg2 doped TiO, catalysts. At higher levels of magnesium 
doping, we observed that the Mg 2 initially added is not wholly incorporated 
into the TiO., structure as seen from the determination of Mg2 + in the actual 
catalyst samples using atomic absorption spectrometry. X-ray powder diffrac­
tion patterns of the catalyst doped up to 8% did not exhibit any evidence of 
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Fig. 1. Variation of the ammonia yields with time at different magnesium dopant level, (doping 
temperature 500C. doping time 2h). 

12 ­

12 

IRRADIATION TIME /h 

Fig. 2. Variation of"the ammonia yield with time at different pH values (doping temperature 
500'C, dlopant level 2%, doping time, 2 h). 
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titanate formation. Particle size analysis on the catalyst with optimal activity 
(2% dopant level, heated at 500'C for 2 h) showed that the average particle 
diameter is 0.64/um compared to undoped TiO,, (0.57 am). The respective sur­
face areas are 2.384 m" g- (Mg/'TiO,,) and 2.622 m2 g 1 for undoped TiO_. 

The effect of pH on this reaction was also studied. The results (Fig. 2) show 
that the yields of ammonia increase with increase in pH. Ar. higher pH values 
more NO,' is also produced. The optimum temperature and the duration of 
heating was found to be 500'C and 2 h re'oectively (Figs. 3 and 4). Higher 
temperatures and higher periods of heating cause titanate formation and hence 
decreased activity. Furthermore the diffusion of Mg>' into the TiO lattice 
appears to be detrimental to its catalytic activity. 

TiO,, can accommodate massive defect levels especially at the surface. The 
alteration of catalytic properties in a semiconductor by doping catalysts with 
ions of different valency was first observed by Verwey et al. [3]. Thus Li ' and 
Mg' doping of TiO. leads to enhanced water photocleavage under UV irra­
diation [4,5]. Doping with Mg' creates a narrower depletion layer width, 
which affects the rate of band bending. This would allow electron tunneling to 
proceed more easily at the interphase, thereby enhancing electron transfer. 
This hypothesis could explain the enhanced yields of ammonia observed in the 
above system. Our yields are significantly higher than those observed by 
Schrauzer and Guth [21 with other metal doped TiO, catalysts fired at 10000 C. 

-~'\ 500 

U- SI­12-1 

0 2
 
IRRADIATION TIME I h
 

Fig. 3. Variation of the ammonia yield with time at different catalyst duping temperatures (dopant 
level 2% pH = 10, doping time 2 h). 
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Fig. 4. Variation of the ammonia yield with time at different doping times (dopant level 2%, 
pH = 10, doping temperature 500 "C). 
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ABSTRACT
 

The photosynthesis of NH, from N2 and the photogeneration
 

of H2 from H20 under non-sacrificial conditions on M/TiO2
 
(M = Ce, V) are reported. The yields are superior to those
 

earlier reported for similar metal doped TiO catalysts.
2 


The flat band potentials of these catalysts have been
 

determined and correlated to their catalytic activity.
 



INTRLOUCTICN 

Metal doped TiO2 catalyst- have been widely investigated for the 

photosplitting of water and also for several other reactions in organic and 

inorganic conversions Sane of these include the photoreduction of N2, 

[1-51 CO2 [6-8] metal ions, [9-10] organic conversions [11] and for 

generating H) from organic wastes [12]. Metal ions doped into the TiO2 

lattice create defects in the rutile structure resulting in modified 

[13]. Metal ion doping also shiftsadsorption properties of the substrate 

the absorption spectrum of the undoped semiconductor more into the visible 

Hg are deposited onregion[14]. Sometimes, free etals such as Pt,Pd and 

to iTprove photocatalytic effeciency/[15]. Inthe semiconductor particles 

this case, such metal islands rapidly conduct away the photogenerated 

electrons and hence act as electron reserviors for photoredox reactions.
 

Several investigations 	 on the use of metal doped TiO2 catalysts have been 

role of the metal ions in the catalyst is poorlyreported [1-5]. The 

understood. We have reported [16] that in the case of Mg/TiO2 catalysts, 

the conditions in the preparation of the catalyst determine the degree of 

photocatalytic activity. Transfer of photogenerated electrons to the etal 

ions followed by its reduction may also be an important factor in 

determining photocatalytic activity. The present investigation reports the 

photoreduction of N2 and H.0 on M/TiO2 (M = Ce,V) and the variables in the 

preparation of the catalyst which affect such catalytic activity.
 

EXPERDIEA.
 

Preparation of catalysts:
 

used were AR grade and further purified to remove all 

traces of NH4 , NO 2 and r'C3 by warming with AI/NaOH. Metal doped TiO2 

were prepared by mixing TiO2 powder (Aldrich, 99.99%, anatase) with 

purified ceric sulphate or vanadyl sulphate in aqueous solution. The 

All reagents 4-+ ­

resultant slurries were first evaporated to dryness and the solids obtained 

next calcined at the following temperatures for varying periods of 

time in air using a muffle furnance: 250'C, 500°C, 750'C and 1000'C. 

were 

0c
 



A A sanple dried at room tenperature was also used for subsequent 

irradiations. Other variables investigated in the catalyst preparation 

were, the percentage of metal doped, heating time and pH. 

Characterisation of the Catalysts 

X-ray powder diffraction measurements were carried on a Shimadzu XD-7A 

model diffractcweter with CuK a radiatinn. The reflectance spectra of 

the samples were obtained using the full integration sphere of a Shiimadzu 

model 365 UV-VIS spectrophotometer. Particle size analyses were carried 

out on a Horiba model CAPA-700 particle size analyzer using the 

sedimentation technique. Differential thermal analysis measurements were 

performed on a Shimadzu model DT 40 DTA analyzer. 

Irradiation Procedure 

M/TiO, catalysts (M=Ce,V) prepared under different conditions
 

(caicinatlcn tefrerature, heating time and the percentage of rretal doped) 

were suspended in 250 ml of distilled water in an immersion well type 

photochenucal reactor (Applied Photophysics, UfK). The water was freshly 

distilled form an all giass still. For each run 0.20Cg of the co"rposite 

catalyst was used. Irradiations were carried out using a 400W medium 

pressure mercury laap housed inside a water cooled quartz jacket. The 

lamp. emits >7 x 1019 photonsS - instic.the reactio, flask. A slow stream of 

N2 , purified by passing through a heated copper pellet colurn, chromic 

acid solution, NaCH solution, and H20 was passed through the reactor.
 

Effluent gases from the reactor were bubbled through a trap containing 

10ml of 0.1 M HCl. The suspension in the reactor was magnetically
 

stirred throughout the irradiation. Control experiments were carried out 

under N2 in the dark and also under irradiation with argon. 

After ir-radiation, the mixture in the reactor flask was treated with 10 

ml of 0.2M NaCH and the anmonia in solution was distilled into the trap 

containing l0mi of 0.1M HCl. The amonia in the distillate was 

determined colorimetrically by the indophenol blue method [17]. 



The nitrate content of the solution was determined colorimetrically by the 
coupling reaction of sulphamide with N-(l-naphthyl) ethylene diamine 
dihydrochloride after cadmium reduction. 

Hydrogen Evolution Experiments
 

Hydrogen evolution during photolysis under both N2 and argon was determined 
by gas chromatography (Shimadzu GC-9AM gas chrcmatrgraph, molecular sieve 
column and carrier gas argon). These results were independently checked by 
carrying out photolysis in a reaction vessel provided with a- plirographic 

detector (Applied Photophysics). 

Determination of Flat-band Potentials 

Pellets prepared from catalyst powders (diameter 13.0 nm, thickness 1.80 
rm) compacted to a cressure of 40 MPa were used to measure electrical 
conductivity. Mott-Schottky plots at frequencies 500Hz and 1kHz were 
obtained on these pellets using a Hewlett - Packard LCR meter model 4192 A 
and a Kenwocd DL-707 Digital multimeter. 

RESULTS & DISCUSSION 

Photoreduction of N2 

In order to optimize N2 reduction with respect of the conditions rf the 
catalyst preparation, the effects of the following variables on the yield 
of NH, were studied; percentage doping, heating temperature, heating time 
and oH. (Figures 1 -4). The optimal conditions obtianed form these 
studies for the Co/Tie 2 system we:.-e: dopant concentration of 10% (w/w), 
heating tea-erature of 250'C, heating time of 3h and a pH of 12.5. The
 
-orrespcnoirg values for the V/Ti catalyst were
2 : dopant concentration of 
10% (w/w), heating tarerature 750'C, heating time 4h and a pH of 3,With 
the latter system, at higher pH values, vanadium ions leach into solution. 
The ti e variations of M-H obtained3 for catalysts prepared under optimal 
conditions are given in Figure 5. The maximum yield of NH3 in solution 
obtained for Ce/TiC2 is ca. 30 t'ol 1 while for the V/Tie 2 system it is 
ca. 28 i-Tol 1. Both these values are considerably higher than those 



reported by others for metal doped TiO2 catalysts (1]. 

X-ray powder diffraction patterns and FT-IR spectra obtained on Ce/TiO2 

samples showed that sulphate ions are present in the catalyst used. The 

enhanceent of reduction in similarly constituted catalysts has beenN2 
= observed by Xiao et.al [18] and attributed to the enhanced adsorption o 

N2 on the catalysts. Particle size distribution for the Ce/TiO2 catalyst
 

prepared under optimal ccnditions shAS. that the average particle size is
 
2 -i gto a surface area of 1.54 m

0.9 1m corresponding 

With the V/TiO catalyst where the optimun doping temperature is 750*C, 
2 

the TiO, is present predominantly in the anatase form. The average
- 2 -1 

particle size is 1.5 um corresponding to a surface area of 3.4 m g 

The time develocient of NH3 showed an unusual periodic variation when 

ccn-nared to the CeiTiC2 catalyst. in both cases, the reduction in '3 

yields was folowed by a ccnccrrnittant slow increase in nitrate formation 

owing to the photooxidation of amarnia. 

Photogeneration of H2 

Both atalysts yield H2 upon irradiatior in aqueous solution. 
Irradiations carried out with Ce/TiO2 under both argon and N2 indicate a 

steady increase Ln H, generation under non-sacrificial conditions. 

Nearly 1000 4l of H2 are produced after 24 hours [figure 6]. The yields 

of H, under N2 and argon are not significantly different suggesting that 

"nitrogen assisted hydrc-en evolution" [19] does not occur with this 

catalyst system. The yield of H2 with V/TiO 2 under sacrificial
 

conditions in the presence of ethanol are considerably enhanced. (figure 

61.
 

Flat band potentials
 

The Mott-Schottky plots for Ce/TiO 2 and V/TiO2 pellets in aqueous
 

solution (1,H - 12,3) at frequencies 500 Hz and I kHz are presented in 

figures 7 & 8. Table i gives the results on the positions of the E CB and 

EVB cal.ulated from the flat-band potential values and the band gaps 

determined from reflectance easurements. The carrier densities, nD were 

calculated from the slopes of the Mott-Schottky plots ising the formula, 



nD (2/ EE. e A2 )1/m where c is tt,.pemittivity of vacum£is the 

dielectric constant of the semiconductor, u is the electronic charge, A 
is the area of the elctrode and m is the slope of the graph. The results 
on V/TiO2 catalysts confirm its n-type behaviour with a EC value of -
2.8V at pH 3 (vs SCE) while for the Ce/TiO2 system the corresponding 
value is -2.1 V(vs SCE), at pH 12. The corresponding value for TiO2 

(anatase) is -1.2V (vs SCE). The consistently higher hydrogen evolution 

rates fram V/TiO catalyst when cocaared to Ce/TiO atalyst (Figures 7 & 
8) is ccnsistent with the above data. However the NH3 yields do not vary
 

significantly between the two cacalysts.
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FIGURE AND TABLE CAPTIONS 

Figure 1. 	 The variation of NH3 yield wfth dopant amount
 

(a) Ce/TiO2 	 (b) V/7iO 2.
 

Figure 2. 	 The variation of NH 3 yield with heating
 

temperature (a) Ce/TiO 2 (b) V/TiO2 .
 

Figure 3. 	 The variation of NH, yield with heating time
 

(a) Ce/T!O2 (b) V/TiO 2.
 

Figure 4. 	 The variation of NH 3 yield with pH. (a) Ce/TiO
2
 
(b) V/TiO,.
 

Figure 5. The variation of NH 3 /No 3 yields with irradiation 

time a - NH3 yield for Ce/TiO 2 b - NH3 yield for 

V/TiO 2 , a' - NO3 yield for Ce/TiO 2 b' - NO 3 

yield for V/TiO .2


Figure 6. 	 The variation of H. yield with irradiation time. 

a - Ce/TiO 2 under argon, a' - Ce/TiO 2 under N 2 

b - V/TIJ 2 under argon, b' - V/TiO under N 2.2 


Figure 7. 	 Mott-Schottky 1/C 2 Vs V) plot for Ce/TiO
 2
 

Figure 8. 	 Mott-Schottky (1/C2 Vs V) plot for V/TIO 2 .
 

Table 1. 	 Band gaps and Band positions of composite
 

catalysts, M/TiO 2 (M=v; Ce)
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TABLE I 

Band gaps and Band positions of composite catalysts, M/TiO 2 (M=VCe) 

Catalyst Type of thea 

Semiconductor 

pH E.(Vs SCE) b EBG(eV) EVB(vs SCE) ECdv SCE) ND(cm 3 d 

V/TiO2 

Ce/TO 2 

n 

p 

03 

12 

-2.8 

+1.1 

3.2 

3.1 

+0.4 

+1.1 

-2.8 

-2.0 

4-6 x 

1-2 x 

1021 

1020 

a 

b 

c 

d 

From the sign of the Mott-Schottky plot slopes 

From Mott-Schottky plots cf experimental section 

From reflectance data 

ND, doping concentration determined from nD= 2 /Eco eA2 )i/m 
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OF WOs BY TiO2 AND ITSPHOTOINDUCED REDUCTION 

- ROLE ON PHOTOCHEMICAL SYNTHESIS OF NH 3
 

O.A. ILEPERUMAab, W.C.B. KIRIDENAab, and J.M.S. BANDARA' 

Department of Chemistry, University of Peradeniya, Peradeniya, Sri Lanka. = 
b Institute of Fundamental Studies, Hantana Road, Kandy, Sri Lanka. 

Abstract 

2 .9 6. The reduced tungsten species converts N2Irradiated TiO2 reduces W03 to blue W0
 

to NH3 both in the gas phase and in aqueous suspensions. 
 Some NH3 formed is photooxidized to 

NO 3 in aqueous suspensions while there is relatively little oxidation at the gas/solid interphase. 

longer periods results in bronze formation and loss of photocatalytic activity.
Irradiation over 

Introduiction 

Photosynthesis of NH3 on irradiated semiconductors either in the gas phase or in 

as a possible w~y nf solar energy conversion aqueous suspensions have been investigated 
- Some of the systems that have been studied include metalto give a useful product 1 . 

doped TiO2
5 , hydrous Fe 2 036 and substoichiometric forms of WO 3 7. The quantum yields 

small and in general back reactions result in rapid loss of catalytic activityin all cases are 

with time. 

It has been shown 7 that the reaction of moist N2 on blue tungsten oxides in the solid 
irradiation. Howeverphase containing W0. 96 gives NH 3 . This reaction is enhanced by 

NH3 via only a thermochemical aqueous suspensions of W03-: powder reduced N2 to 

path. The participation of reduced tungsten centers in chemically reducing N2 to NH 3 has 

been suggested for the above reaction (Eq.1) 

- 0.04H 2 0 + (0.04/3)N-2 - W03 - (0.08/3)NH 3 (1)
W0 2 .96 

We have observed that irradiated TiO 2 is capable of reducing the yellow form of 

W0 3 , to a blue reduced form. This observation suggests the possibility of 
tungsten oxide, 


developing a cyclic pa.hway for the photosynthesis of NH3 based on the composite system
 

W0 3 /TiO-. and the results are reported here.
 

Experimental
 

Catalyst preparation
 

were AR grade and further purified chemically to remove all tracesAll reagents used 
of ammoniao and nitrate. An aqueous suspension of Ti02 (Aldrich, anatase) was treated 



with a Na 2 W0 4 solution and carefully acidified with conc. HCI with stirring. Under 
the conditions used, the yellow form of tung3tic acid, H2 W0 4 was formed on the TiO, 

support. The resultant solid was centrifuged, washed several times with double distilled 
water and heated at the following temperatures for varying periods of time in air :250°C, 
506'C, 750'C, and 1000 0 C. A sample dried at room temperature (25'C) was also used for 
subsequent irradiation experiments. 

Characterisation of the Catalysts 

X-ray powder diffraction measurements were carried out with a Shimadzu XD 7A 
model diffractometer with CuKa radiation. The reflectance spectra of the samples were 
obtained using the full integration sphere of a Shimadzu model 365 UV-VIS spectropho­
tometer. Differential thermal analysis measurements were performed on a Shimadzu model 
DT-to. 

Photochemical reactions in aqueous suspensions 

W03/TiO. catalysts prepared under different conditions (calcination temperature, 
heating time and % of WO. on suspended ml of waterthe 3 loaded TiO2 ) were in 100 
in an immersion well type photochemical reactor (Applied photophysics, UK) of 125 ml 
capacity. The water was freshly distilled from an all glass still. For each run 0.200 g of 
the composite catalyst was employed. The N2 used was purified by passing through a 
hot copper pellet column, chromic acid solution, NaOH solution and finally H.O. Effluent 
gases from the reactor were bubbled through a trap containing 10 ml of 0.1M HCI. The 
suspension in the reactor was magnetically sLirred throughout the irradiation process. 
Irradiations were carried out using a 125W medium pressure mercury lamp housed inside 
a water cooled quartz jacket. The lamp emits > 5 x 1018 photons/s inside the reaction 
flask. The temperature of the solution was about 35° C under irradiation. 

After irradiation, the mixture was treated with 10mI of 0.2M NaOH and the ammo­
nia in solution was distilled into the trap containing 10 ml of O.1M HCI. The ammonia 
in the distillate was determined colorimetrically by the indophenol blue method'. The 
nitrate content of the solution was determined colorimetrically by the coupling reaction of 
sulphanilic acid with N-(1-naphthyl) ethylene diamine after cadmium reduction. Control 
experiments were carried out under dark and also under argon under identical experimental 
conditions. 

Photochemical reactions in the gas phase 

An aqueous slurry of the catalysts prepared under different conditions was coated on 
be inside of the reactor vessel by means of a rotavapor. The resultant solid coating was 
heated under water aspirator vacuum in a steam bath for lh. Irradiation procedure was 



similar to the one described above for the aqueous suspensions. After irradiation, 100 nil 

of distilled water was first added and stirred well before analyzing for NH 3 and N03-. 

Results and Discussion 

Chaxacterization of the Catalysts 
treated with(anatase) powders were 

X-ray diffraction analysis show that when TiO. 

Na,WO4 /HCI, and the resultant solids heated at 250'C, the tungsten species deposited on 

On the other hand, composite(ASTM 2-0395).
TiO2 is the yellow tungstic acid, H2 W0 4 

C all showed the presence of 
C, 750' C and 10000 

W0 3 /TiO. catalysts prepared at 500' 
in colour. X-ray diffractionis lemon yellowW0 3 (ASTM 20-1323) whichstoichiometric 

a total conversion of the anatase 
patterns of the composites also show that there has been 

to the futile form at I000 ° C. 

on the composite catalysts showed that the 
Differential thermal analysis measurements 

C. Reflectanceacid. W0 3 .H-.0 takes place at 4150 
loss from the adsorbed tungsticwater 

range indicate a gradual extension of the absorption inflexion 
spect ra in the 200-800 nm 


at higher temperatures.
to the visible region upon heating 

in aqueous susoensionsPhotochcenical reactions 

The following variables in the preparation of the catalyst which affect the yield of pho­

temperature,
NH 3 were investigated independently; calcination 

tosvnthetically' produced 
The effect of pH variation on the 

the % (w/w) of WO 3 on TiO,.
duration of heating and 

It was found that the optimum pH for this reaction is 
yield of NH 3 was also investigated. 


the adsorbed tungsten oxide dissolves.
> 7,between 5-6 (Figure 1) and at pH values 

,,
=o\ 
- -3r" 

.€.N. 

30 80 100 
n o 10 (,01 20 , ctcc t'M.VI')0,01 2 

yield with the amountFig 2. Variation of NH 3Fig 1. Variation of NH3 yield with pH for the 
system.of dopant for the W0 3 /TiO,

W0 3 /'Ii. 2 (15% w/w) system. 
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Fig 3. 	Variation of NH 3 yield with heating tern- Fig 4. Variation of NH 3 yield with heating time 

perature for the W0 3 11TOiO(15% w/w) for the Wo3,,/TiO (15% w/w) system.3 

system.
 

It was found that the highest yield of NI-HI was observed at a dopant level of 15% 

(w/w) of W0 3 coated on TiO_ (-Figure 2). Figures 3 & 4 give the effect of calcination 

temperature and heating time on the NH 3 yields at a dopant level of 15%. It is seen 

that 	heating at 250' C gives the best photocatalyst for the above reaction. At higher 

temperatures, particle sizes increase and the resultant loss in effective contact area could 

affect the reduction of WO 3 via the injection of photogenerated electrons on the TiO, 

semiconductor (Equations 2 & 3). 

TiO 2 * TT , (h-,-) (2) 

w(v)W(VI) W__- (3) 

Interestingly, physically mixed powders of TiO 2 and WO, do not show aly colour 

changes nor any photocatalytic activity upon irradiation. This observation too shows the 

importance of proper surface contact for the photoinduced reduction of WO 3 by TiO2 . Ir­

radiation of the stoichiometric W0 3 in the absence of TiO2 does not produce any reduction 

to the blue oxide. 

At 2500 C, X-ray diffraction data indicate that the TiO. is completeiy in the 

anatase form while the tungsten species is present as the amorphous yellow tungstic acid, 

W0 3 .H.O. At 5000 C however, the adsorbed tungsten oxide is crystalline and X-ray anal­

ysis indicate this to be stoichiometric WO 3 with a triclinic structure (ASTM 20-13,23). 
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Fig 5. 	Variation of NH3 and NO- yields with 
time for the WO 3 /TiO (15,% w/w) Sys­
tem, (a) gas-solid phase (NH 3 ), ,b) aque­
ous suspension (NH 3 ) (c) aqueous sus­
pension (NO,) 

The variation of NH and NO- formation with time for the sample which gave opti­

mum yields (15% w/w \VO, hieating temperature 250' C, heating time 2h and a pH of 6) 

given in Figure 5. 
The N-{ yield observed (S -mole i) after 6h of irradiation was much higher than the 

values reported in the literature for other related metal ion doped TiO2 catalyst systems. It 

is aiso seen that N03- formation is not observed up to 6h of irradiation which thereafter 

recorded onty a slow increase. This again illustrates the detrimental effects of nitrate 

'orrmat!on on tie ph'tereduction of N- to NH3. 

During irradiation, the pale yellow composite mixture turns pale blue quite rapidly 

bat within about one hour this completely changed to an intense blue colour. A similar 

observation has been noted by Bard et.al upon irradiating films of We, deposited by vac­

uum deposition. This has been attributed to the formation of a tungsten bronze (equation 

4) 

W03 -- yH" - ye -= HyWO 2 (4) 

The rapid formation of this bronze which seems inactive toward reduction com-N2 

pared to the substoichionetric WO-, species explains the gradual loss of activity with 

time. Also, contrary to our expectations, a cyclic system for N:! reduction using this system 

could not be developed owing to the formation of the inactive bronze. X-ray diffraction 

analysis confirmed bronze formation. 

There is simultaneous oxidation of H-0 to O while N, is reduced to NH, on the 

semiconductor. We have earlier shown that oxidation of the ammonia with 02 eventually 

gives rise to NO3-. Figure 5 shows how the lowering yields of NH. with time is related to 

10
 



increasing yields of N03-. It is generally believed that hydroxyl free radicals produced on 
the surface of the semiconductor are involved in the oxidation of NH 3 (Equations 5 & 6). 

TiO 2 + Ti02 (h+ , e) (5) 
h +OH- + - OH ad. (6) 

Dark controls where N2 was passed through the catalyst for an identical period of time 
and also where N2 was replaced by argon produced no appreciable amounts of NH3 (< 0.1 
gmole) or NO 3 ­ (< .05 pumo!e). Thus with this catalyst preparation where initially only
stoichiometric yellow form of W0 3 is present, no NH 3 is produced via a thermochemical 
pathway. 

Photochemical reactions in the gas/solid phase 
The sample selected for solid state studies was the one whi-h gave highest yields of 

NH 3 in solution (15% (w/w) WO 3/TiO 2 , heating temperature 2500 C, heating time 2h, 
pH, 6). There were some notable differences betwieen the gas/solid phase reaction and 
the reactions in aqueous suspensions (Fig.5). The NH 3 yields were significantly higher 
than for aqueous suspensions. The NO 3 - yields observed in the solid state were very 
smalf compared to the values observed for aqueous suspensions. In the solid state the 
adsorbed hydroxyl ions may be the limiting factor which prevents photooxidaLion of NH 3 
to NO 3 -. The yields of NH3 reach a maximum after 16h of irradiation and remains 
constant thereafter. The NO 3 - once formed could block the catalytic sites available for 
NH1 synthesis and this could explain the decreasing NH 3 yields in solution. In the solid 
state, only a pale blue colour appears during irradiation and there is no evidence for any 
bronze 	formation. 
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ABSTRACT 

Hydrous tungsten oxide W0 3.xHO in contact with TiO2 grains suspended in water 

is found to get reduced W0 2.96.xH20 upon irradiation with uv light. Measurement of the 

band position of W0 3.xH 20 suggests that electron transfer from TiO2 to WO3.xH 20 is 

responsible for the reduction. 
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INTRODUCTION 

Recently, the properties of semiconductor particles and their photocatalytic activity 

has aroused much interest. The photocatalytic activity of semiconductor particles depends 

on injection of photogenerated carriers to the solution. It is known that the reduction in size 

of the particle, surface modifications, deposition of noble metals and other semiconducting 

materials enhance the charge separation improving the catalytic activity."- 3 A composite 

catalyst consisting of two semiconductor particles in contact is of special interest, because 

of the availability of large number of semiconducting materials with different band gaps and 

band positions. Several authors have noted the catalytic properties of such composite 

systems and attributed this activity to the enhanced charge separation. 1.6 In this note we give 

an example that vividly demonstrate light induced charge separation in a composite 

semiconductor particle. Tungsten oxides of oxygen stoichiometry less W0 3 are known to 

possess a deep blue colour.7 We have found that when WO oxide particle in contact TiO, 

is irradiated in the presence of water a deep blue colour is developed as a result of electron 

transfer from TiO2 to WO,.xH2O. 

EXPERIMENTAL 

Composite particles (where TiO, and WO are in contact) was prepared as follows. 

2g of TiO, is dispersed in 50 ml of 0.IM sojium tungsten solution. When excess dil. HCI 

is gradually added, tungstic acid (H2WO4) gets precipitated around the TiO2 grains. The 

precipitate is filtered washed and dried in air at 250, 500, 750 and 1000,C for 2h are yellow 

in appearance. 200 mg of the TiO 2/WOI.xH 20 was suspended in 150 ml of distilled water 

in an immersion well type photochemical reactor (Applied Photophysis). The dispersion was 

http:2/WOI.xH


purged with N2 to remove dissolved oxygen and then irradiated with a 125 W medium 

pressure Hg arc lamp. W0 3.xH 2O (prepared by heating H2 WO to 2500C for 2h) was 

compacted into pellets (diameter- 13 mm, thickness - 1mm, pressure - 40 MPa) were used 

to obtain the Mott-Schottky plots. Hewlett Packard LCR meter 4192A and Kenwood DL 

707 Digital multimeter were used to measure capacitance and voltage respectively. X-ray 

diffractometry studies were done for the characterization of the catalyst (Shimadzu XD 7A 

model diffractometer with Cu K a radiation). 

Results and Discussion 

When the lamp was switched on for about 0.5 h, originally white suspension 

acquired a deep blue colour. The spectra (Shimadzu UV-3000 UV-Vis spectrophotometer) 

of the suspension before and after irradiation is compared in Fig.l. X-ray diffractometry 

data revealed (Fig. 2) that the blue colour corresponds to the non-stoichiometric compound 

WO 2.96xH 20. The maximum reduction of W03 .xH2O to WO 2.9xH20 was observed with the 

powder mixture heated up to 25UCC tor 2h. This is probably due to the formation of good 

surface contacts between TiO2 and WO,. The physically mixed TiO2 (anatase) and WO3 

powders heated to 250 0C for 2h did not show the reduction. This observation indicates the 

necessity of efficient surface contacts. 

X-ray diffractometry data showed that drying at 250'C for 2h produces amorphous 

WO,.xHO. The differential thermal analysis (Shimadzu model DT 40) data confirmed that 

the bound water in WO3.xH2 O begins to loose at about 415°C. The other materials (heated 

up to 500, 750 and 10000C for 2h) was crystalline WO,., lemon yellow in colour.8 



The diffuse reflectance spectra of WO3.xH20 (Fig. 3) suggested that the band gap 

of the material - 3.15 eV. The flat-band potential of W0 3.xHO derived from the Mott-

Schottky plots (Fig.4) is -0.45V [V vs SCE] at pH 5.5. The relative band positions of the 

TiO 2 and W0 3.xH 20 is shown in Fig.5. The band position of TiO 2 at pH 5.5 known to be'­

0.7 V [V vs SCEJ. 9 As conduction band of W0 3.xH 2O situated below the conduction band 

of TiO2, photogenerated electrons will be transferred to the conduction band of WO, while 

holes accumulate in TiO,. In the presence of water electron could participate in the reaction 

25WO,.xHO + H20 + 2e- > 20H- + 25WO2..xH2 O (1) 

CB W03 

Holes that accumulated on TiO2 will generate OH free radicals at the surface of Ti20 grains 

> OH0OH' + h+ (2) 

VB TiO, 

Oxygen evolution is not detected, as expected. This could result from the formation of 

peroxo-complexes of titanium."0 When the photoproduced blue compound is exposed to 

oxygen rapid bleaching is observed as a result of oxidation to the stoichiometric oxide. 

Acknowledgement: Financial support from a PSTC grant from US Aid (Grant No. 936­

5542) is gratefully acknowledge. 



FIGURE CAPTIONS
 

Fig. 1 The diffuse reflectance spectra of (a) TiO, (b) TiO./WO (c) TiO 2/WOI. 

(d)WO,.xHO 

Fig. 2 The relative band positions of TiO, and WO,.xHO at pH 7. Energies are given in 

eV with respect to the standard calomel electrode (SCE) 
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ABSTRACT
 

Molybdenum/TiO 2 catalyst is active than the earlier reported M/TiO2 systems where M = Fe, Ru, 

Co, Ni. The catalytic activity depends on a number of variables in the catalyst preparation. 

Irradiated TiO2 reduces MoO3 to MoO 25 and the reduced Molybdenum species converts N2 to NH 3. 

Some NI-13 formed is photooxidized to N0 3. Irradiation for longer periods results in bronze 

formation and loss of photocatalytic activity. 



INTRODUCTION 

Photocatalytic nitrogen fixation reactions on semiconductors have attracted considerable attention 
as a possible way of solar energy conversions. Although a large number of metal doped TiO2 
catalysts2 3 have been investigated for this purpose, the yields are too small to be of any practical 
significance. Furthermore, the c3talytic activity deteriorates with time owing to back reactions and 
catalyst poisoning. 

Bard has shown that the reaction of moist N, on blue tungsten oxide in the solid phase containing 
WO., gives ammonia in a thermal reaction4 . 

WO,,, + 0.04HO + (0.04/3)N .......-> WO, + (0.08/3)NH
-

The potential of utlizing this reaction to devise a cyclic path way for N2 fixation arose from our 
observation' that irradiated TiO2 reduces W0 1 to the substoichiometric reduced form presumed to 
have the formula W0 2 96. We have found that although the system W0 3/TiO, is active for N2 
fixation, an efficient cyclic pathway could not be realized due to the formation of an inactive 
bronze. 

In a continuation to study such a cyclic system we have studied the catalyst system MoO3/TiO, 
which behaves in a similar manner. A catalyst consisting of two semiconductor particles in contact 
isof special interest, because of the availability of a large number of semiconductor materials with 
different band gaps and band positions. Several authors have noted the catalytic properties of such 
composite systems and their activities to enhance charge separation . 

EXPERIMENTAL 

TiO 2 powder was dispersed in distilled H20 and the calculated amount of MoO was added and 
stirred for 3 hours and the yellow coloured powder was evaporated to dryneess. The resultant solid 
was calcined at 250, 500, 750 and I000C for 2h. 200 mg of the yellow coloured TiO2/MoO, 
catalyst was suspended in350 ml of distilled HO in an immersion well type photochemical reactor 
(Applied photophycis). The dispersion was purged with N2 to remove dissolved 02 and was 
irradiated with a 400 W medium pressure Hg arc lamp. The lamp emits > 7 x 10" photons S1" 

inside the reaction flask. 

Effluent gases from the reactor were bubbled through a trap containing 10 ml of 0.1 M HCI. The 
suspension in the reactor was magnetically stirred throughout the irradiation. Control experiments 
were carried out urder N2 in the dark and also under irradiation with argon. 

After irradiation, the mixture in the reactor flask was treated with 10 ml of 0.2 M NaOH and the 
ammonia in solution was distilled into the trap containing 10 ml of 0.1 M HCI. The ammonia in 
the distillate was determined colorimetrically by the indophenol blue method7 . The nitrate content 
of the solution was determined colorimetrically by the coupling reaction of sulphanilmide with N-(I­
napthyl)ethylenediamine dihydrochloride after cadmium reduction. 

Characterization of the Catalysts 

X-ray powder diffraction measurements were carried out with a Shimadzu XD7A model 
diffractometer with Cuk radiation. The reflectance spectra of the samples were obtained using the 



full integration sphere of a Shimadzu model 365 UV-Vis spectrophotometer. Catalyst powders 
compacted into pellets (diameter 13 mm, thickness 108 /mm, pressure 40 mpa) were used to obtain 
the Mott-Schottky plots. Hewlett Packard LCR meter 4192A and Kenwood DL 707 Digital 
multimeter were used to measure capacitance and voltage respectively. 

RESULTS AND DISCUSSION 

The variation of the ammonia yield with percentage (w/w) variation of MoO 3 on TiO 2 was done 
and it was found that the composite catalyst having 50% (w/w) had the highest N2 reduction ability. 
It was observed that calcination at 750'C gives the maximum ammonia yield. X-ray powder 
diffraction pattern showed the presence of MoO3 , H2MoO 2 and a small amount of a reduced oxide 
1MoO 2.,(OH)oj in the catalyst which was calcined at 750" and XRD quantitative analysis showed 
that 9% of Molybdenum has been incorporated into the TiO, lattice and the remainder is present 
as crystalline MoO in the catalyst. Further heating upto 1000"C shows the phase change of TiO2 
from aiatase to rutile form which is catalytically less active. 

Physically mixed TiO2 and MoO, catalyst showed very little ammonia yield. This 
observation indicates the necessity of efficient surface contacts for this reaction. It was observed that 
even the calcination time is important to get the best surface contacts, in this case the best heating 
time was 2h. 

The diffuse reflectance spectra of MoO, suggest that the band gap of MoO3/TiO, is 2.98 
eV. As there is very little NH, yield in the presence of a UV cutoff filter it was confirmed that 
the composite catalyst absorbs mostly in the UV region.The flat-band potential of MoO, derived 
from the Mott-Schotkey plots (E,.1, is -0.6eV (vs SCE) at pH 3. The conduction band position (CB) 
of TiO2 at pH 3 is known to be at 0.6eV (vs SCE). 

TiO 2 absorbs the light and charge separation occurs on TiO 2. Because CB of MoO3 is situated below 
the CB of TiO, photogenerated electrons will be transferred to the CB of MoOl, while holes 
accumulate in TiO 2. 

hv + TiO2 > TiO, (h+,e) 

e'(.,Mo (VI) Mo (V)+ > 

Holes that accumulate on TiO2 will generate OH at the surface of TiO2 grains. 

OH-+ h+ > OH 

During the irradiation, the pale yellow composite mixture turns pale blue quite rapidly, but 
within about one hour this completely changes to an intense blue colour. The X-ray powder 
diffraction pattern of the sample after one hour of illumination showed the presence of . bronze 
H,, 3MoO, 7and MoO2 ,(OH),, , (molybdenum blue). There is still no satisfactory explanatien for the 
origin of the blue colour in these molybdenum bronzes molybdenum in this compound oas an 
average oxidation state between 5 and 6. The bronze itself and the reduced Molybdenum oxide are 

.
not photoactive'

During irradiation Mo''i) is reduced to the Mo(v) state. 

eb + Mo(vi) > Mo(v) 



As with W0.4-120, reduced Molybdenum oxide iscapable of fixing N2 thermally. The observation 
of N2 reduction by chemically reduced Molybdenum oxide confirms the thermal pathway for the N2 
reduction to NH3. The reduction of N2 to NH, occurs at reduced Molybdenum [Mo(v)] centers as 
follows. 

0.5/2 N2 + MoO2.s(OH)0.5 + H20 > MoO3.H 20 + 0.5 NH 3 

r50 

3.0 

S20.
 

10 	 b 

(0,0) 6 	 2 8 24 
Time (h) 

Fig.1 Variation of (a) NH3 (b) N02 " with
 

irradiation time for the MoO3/TiO 2
 
(50% W/w Mo) system.
 

Dark controls where N2 was passed through the catalyst for an identical peri'd of time and 
also where N,was replaced by Ar produced no appreciable amounts of NH3 or NO3. 

It is seen that the optimum NH, yield is obtained at a pH of 3. . At very low pH values ammonia 
yield is smaller and this can be attributed to the enhancement of bronze formation, for pH values 
> 9 MoO, dissolves giving soluble molybdate. 

Time variation of ammonia production for the catalyst prepared under optimal conditions is given 
in Fig. 1.This shows that the NH3 yield increases upto 4hr (45umol I")and thereafter decreases. 
In the mean time an increase in NO2/NO,- concentration was also observed. This may be due to the 

(1).Oxidation of NH,:­

4NH, + 50, > 4NO + 6HO 
NO + 02 > NO, 

(2). Rapid formation of the bronze which seems inactive toward N, reduction compared to the sub 
stoichiometric Molybdenum species explains the gradual loss of activity with time. 

Also , contrary to the expectation, a cyclic system of N2 reduction using this system could 
not be developed owvin.; to the formation of the inactive bronze. 

As the CB of Mo/TiO 2 lies above the reduction potential of H,O (-0.6), H2 evolution is 
possible and H2 was detected by GC under Ar and N2 in a closed system. Yields were lower than 

e q 



expected. This may be due to the consumption of H2 on reducing centers to produces the bronze. 
H2 evolution under Ar is greater than that of under N2. Under N2, H2 is used for ammonia 
formation. Oxygen determination using a membrane polorographic detector showed only a trace 
amount of 02. As the CB lies below the H2Q oxidation potential level 02 formation is possible. 
Holes in the VB are trapped by H20 and OH* to produce 02. 

+
2OH + 4h	 > 0, + 2H+ 
+
2H 2 0 + 4h' > 02 + 4H

The very low yield of O2 may be due to the consumption of O2 to oxidize the reduced Mo(v) 
centers. When the photoproduced blue compound isexposed to 02 very slow bleaching is observed
 
as a result of oxidation to the stoichiometric oxide, MoO.
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1. Introduction 

-.number Q.,t criicon.uctor materials ia :he partcuiate monare known to 

photogenerate hvdroen trom water w.ith concomitant ox.,en evolution and/or 
formation it -tsorbeu ox.,gen [.-1, In the presence of a sacniictal ciectron donor. 

the Uantum %id ot h,iroaern e.'olution is zreativ increased (11. Few serruconuuctore. 


photcatal..its Ire jiso knukn to ,:he ,e oilir, to reduce introcen dissoived in 
,,,ier -i Aqueos dispersions -fTiO- are round to photogenerate less hydro­

zen ,ihen purged wttn -trogen than argon. This was proved to resuit from )onie 
.E T11 pno,,,Ti!r t 

,nmonia '. at efficiencies is ot tremendnus practical :mpor­cin modest conersion 
.ance.If ,uch a method is available, suniinzht could be used to supplement imrgation 

/aer" .with -tmmona. Unfortunately. the photocatalyttc nitrogen reductuon is even 

more difficult :o achieve than water Dhotodecomoosition. for the following reasons. 

I) The reduction of one molecule of dinmtrogen via 

N.-6 H- 6e--2NH,. 

HOO-6h - 'O-6H 

invoives transfer of six electrons, compared to two electrons in the reduction of 
water. i.e.. 

2 H,O- e- H,-- 2 OH. 
(2)

2OH--2 h--HO-!O. 

" Suman" ,kara Chair in Natural Science. 
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Generally eacn photon transfers a single electron and the probability of six photons 

concentrating on one molecule is highly improbable. 

(2) In the water photodecomposition reactions. the multi-electron transfer can be 

enhanced by ioding trie catalyst with platinum or other noble metals. In the case of 

nitrogen reductton. !oadine_ the cataiyst with piatinum interferes with nitrogen 

chemisorption. ,In t Piatinum-,.oatedi ,"taist. :he -eductons ta)-e place on 
on plaunum.iplatnum-oate ,ires. Nitrogen is poorly chemirsoroed 

in the solution and participates in(3) Photogenerated ammonia accumulates 

back reactions. e.g. oxadauton to nitrogen, nitrite or "utrate. 

(.1) Unlike in water photodecomposition to hydrogen. the sacrificial electron 

donors generally does not increase the quantum yield. A likely reason is that the 

sacnficial agent interferes with nitrogen cheusorpton. 

(5) 	 Dinutroeen chemisorption is a necessary requirement for catalytic activity. 
negative flat band potentialsMost semconductor catalysts that have suffic:entlv 

cherrusorb dinitrocen poorly. 

In order to increase ,re cuantum %telds of nitrogen reduc,:on. it is necessary to 

uearcr tor new cataiytic matenals :hat chermsoro nitro en Iron-v and at the same 

time ian .utfictenaiv .e'aative :lat -and potentiats. The ipatiai )eparation of 

oxidation and reduction )ites in such .a way that me reductions take place on 

ritrogen -hemirorbtn2 -roion .vuld further enhance the ,uantum yields [161. We 

ha~e noie earter. :hat the nvdrous :erML rojde znotocatalvst uses relativel% higher 

vields o( ammonia {101 -fter xarruung large number of other tabLc. hydrous 

oxides we have noted that mose of samarium i IIl) and europium i11l) are also active 

to,*arus nnotorecu:inun o natrogen to ammoMa. ' . cids ire -,-eater :han those 

obtained ,,itn n.,orous iemc oxide i01 under wmiar conditions. 

2. Experimental 

Hydrous ,amanum (Ill) and --urocium IIl) oxides were prepared by gradual 

olutton of respective chlorides kept 

vigorously nrred. -he sem-transparent gel of the hydrous oxide was washed and 

:eparnte, bv centrhigmng. ks -hese catalysts denature upon drving and cannot be 

weighed, the volume of solution used to make the precipitate was taken as a 

measure of the catalyst employed. The catalyst made from 25 ml of XCI, (X = Sm 

or Eut was disoersed in a thermosatted (26C' unmersion-well-type photochemical 

reactor of volume 300-m. medium pressure mercury lamp (00 at 

addition of e.cess 0.05M NaOH to a 0.05M 

A W) mounted 

the central a=is of the reactor was the irradiauon source. During photolysis the 

solution 1275 mi) in the reactor was kept continously purged with nitrogen (99.999%) 

at a bubbling rate of 1:0 ml nun-1 . The solutions subject to irradiation for different 

were made stron-iv alkaline with NaOH and distilled. Ammoniaintervals of tume 
concentration in the distillate was esumated spectrophotometncally by the in­

dophenol blue method. The residue was tested for nitrate and nitrite. All reagents 

used were tested for ammonia and nitrate. When the experiment was carried out in 
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dark with N. purging, the level of ammotua observed was taken as the zero 
standard. Furthermore. the ammonia concentration obtained when the solution was 
irradiated whale purpng argon came close to the above zero standard. Hydrogen 
evolution during phoolysis was determtned by -as chromatogaphy (Shinadzu 
GC--AM .sas chromatograph: carner -as Art. Oxygen evolution was tested by 
cartni- out photolysis in a r.ac:ion vessel provided with a polarographic dctector 
(Applied Photophysics) I'or momtonng the oxygen concentration. This method is 
more reliable as gas chromatograohy always leads to some atmospheric oxygen 
contamination. 

" I 

*1~ 
/'/
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-g.1. ime=vanauon of the ammorua .Nictd at pH 10 from tatSm:O,.IH,Ol.. (b) Eu:O 'I(Hj2O; (c) 
utrateyield from Eu,O) [H:O].,(the catalyst used -m= made by hydrolysu Z5 ml of 0.05M soludons of 

SmIt3 ad EualIF chlondes).
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3. Results and discussion 

Fig. I shows the yield ofiammonia from the catalysts SmO.. (H:O1, and 
Eu,O,',HOI, when the pH of the solution is - 10. The optimum yields were 
obtained at this pH.E.ustence of an optimum pH can be understood. Thermody­
narmcalv. the N, reduction reaction is favoured by a his.h concentration of H - ions 
i.e.. low pH. However. the ilat band potentiai increases in "he negat".e direction 
favounng N, reduction at higther pHs. These two opposing effects lead to an 
optimum pH. 

The same behaviour is seen in nitrogen reduction with other semiconductor 
catalysts [101. A feature conimon to both catalysts is. that the ammonia concentra­

02 

Q,&,
 

> 

2 4"6 
t/h •
 

Fig. 2. Hydrogen photogcneranon from aqueous suspensions of(a)Sm:0, [H:Ol. saturaid with Ar. (b) 
Sm,Oj (H,01, saturated N.. saturated with Ar. (d)Eu:O.[HOl. saturatedwvth (c) EuO1(H.0, 

with N, (the quanuty of catalyst used amingiven inthe capuon of fig. t). 
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Fi. . Hydrogcn photogencraton 
 from 	-'0%iouton of cthanoi with the catalysu (a) Sm.O,[H. 0j. (b) 

"TiO:.(c) Eu 0,jH:01. 

tion in the solution rapidly increases, reaches a maximum in about 4-6 h and then 
radually d, rzcs irig. 1). -c nitrate Loncentrauon Lnthe soiution snows opposite 

behaviour (Fig. 1); in the initial phItse it is negligible and then rapidly increases with 
a concormtant decrease in the ammonia concentration. In the experiments with the 
polarographic detector, a feeble oxygen signal is detectable, but the yield is far 
beiow the stoichiometry of eq. (1). This indicates that the photogenerated oxygen is 
preferentially adsorbed on the catalyst. Presumably, rutrate is generated via oxida­
tion of ammonia by the adsorbed oxygen. Both catalysts liberate hydrogen from 
water under irradiation, argon saturated solutions give higher yields than nitrogen 
purged solutions as e-xpected (fig. 2). Under sacrificial conditions (e.g., in the 
presence of ethanol), the hydrogen yield is drastically increased (fig. 3). In fact 
Sm'O,(H{0, is even superior to TiO, :ni this respect (fig. 3). Anhydrous oxides 

BEST AVAILABLE Copy 



IJ , 

40 

i I 
b 500a 200 X /nm 0 200 

Fig. -4 .Abtsorpon ipectra il jUu ous uioen-.:uns of (ai Sm :0.[H :O1. and Ib) Eu :O,.[H:O,.. 

Sin ... Eu .0. are !ounu :o re imo,1 ;omieteiv inactive towards N. reduction or 
tlaunization *.des loose photocata-H. pno o~encraton. \dan apon , i %'drou ). 

lyitc activi. The absorotion ,pectr i aqueous iuspensLons of the two hydrous 

oxld-.: ar ,no in :i2. TTier" a c:ar ,.Tuce !,.:r a asor'ption band edge at 330 
and 1,91)nm. -. c .',. 'or Sm.o. H .ol, .in Eu :o, jH,0,. When the eiectr­

, ai on-,.t .iotneiiia : ',o !ttnals coaied on iatnum ilodwas investgated. they 
.. re !iund he :Ih,. more nIe-aii' .:!-,l TI . anatase). :ndicana their ability to 

F.artut H .notoreuuc:on ,ec,.iom. Undoubtedly just)u ;,.ofrlouctionnd ",: 

a., tme t'.drous 'emc ,XILe. these ' o matenals are also chemisorbing dinitrogen 
,xeil. H,,oroub )-ides having !aered fruacture arc known to adsorb dintrogen and 
4JSihtS it.; -Cduc:!on [I-:.[ 'as 7Cn ,u-"-,!%teqd that :n hesc materials. dirutrogen 

is inittai reduced unstable diazene (N.H:). The layered structure of the hydrous 

u.'ude lattice is beCeved to ailow entrance of N, but not free OH that rapidly attack 
di azene. 
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4. Impact, Relevance and Technology Transfer 

The research results from the project has created an awareness in the developing country 

in an important area of research for the future. Through national workshops and meetings, 

the results have been disseminated and generally these meetings have produced fruitful 

discussions. The interest in the project can be seen from the numerous requests received 

from prospective graduate students to work in this area. 

Sri Lanka is a small country which has not reached the critical size as far as the number 

of scientists in any particular area is concerned. However through International 

publications, the results have been communicated to the International scientific community. 

It may take a while for the research to catch up in this area since there is still an abundance 

of cheap oil. Once the international community fully comprehends the seriousness of the 

energy crisis in the next century, research an alternate sources of energy such as solar 

energy conversion will assume increased importance. 
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Project Activities/Outputs 

5.1 List of publications from the project 

1. Photoinduced oxidative nitrogen fixation reactions on semiconductor 

suspensions, O.A. Ileperuma, F.N.S. Weerasinghe and T.S. Lewke Bandara, 

Solar Energy Materials, (1989). 19. 409. 

2. 	 Photoreduction of nitrogen and water on Montmorillonite clays loaded with 

hydrous ferric oxide, O.A. Ileperuma, W.C.B. Kirirdena. W.D.D.P. 

Dissanayake, J. Photochem. Photobiol. A Chemistry, (1991), A59(2): 191-7. 

3. 	Photocatalytic behaviour of metal doped Titanium dioxide. Studies on the 

Photochemical Synthesis of Ammonia on Mg/TiO, catalyst systems, O.A. 

lleperuma, K. Tennakone and W.D.D.P. Dissanayake, Applied Catalysis, 

(1990), 62, LI. 

4. 	Photoreduction of Dinitrogen to Ammonia by Ultra fine Particles of FC(O)(OH) 

formed by Photohydrolysis of Iron(ll) bicarbonate, K. Tennakone. J.M.S. 

Bandara, C.T.K. Thaminimulla, W.D.W. Jayatilake, U.S. Ketiperarachchi, O.A. 

Ileperuma and M.K.A. Priyadarshana, Iangmuir, (1991) in press. 

5. 	 Simultaneous Reductive and Oxidative Photocatalytic Nitrogen fixation in 

Hydrous Iron(ll1) Oxide loaded Nafion films in aerated water, K. Tennakone, 

O.A. Ileperuma, J.M.S. Bandara, C.T.K. Thaminimulla and U.S.
 

Ketipearachchchi, J. Chem. Soc. Chem, C!omn., (1991), 579.
 

6. 	TiO2 and WO, semiconductor particles in coni'ct: Photochemical reduction of 

W0 3 to the non-stoichiometric blue form, K. Tennakone, O.A. Ileperuma, 

J.M.S. Bandara, W.C.B. Kiridena, J, Photochem, Ph'tobiol, A. Chepnustj 

(submitted for publication) 

7. 	Photoinduced reduction of W0 3 by TiO2 and its role on photochemical synthesis 

of NH 3.,O.A. Ileperuma, W.C.B. Kiridena and J.M.S. Bandara, Proc. Second 

Int, Symp, Soild State Physics II, (Nova publishers, USA), (1990), in press 
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8. Photoreduction of nitrogen dissolved in water with hydrous oxides of 

Samarium(ll) and Europium(Ill), K. Tennakone, O.A. Ileperuma, J.M.S. 

Bandara, C.T.K. Thaminimulla, Solar Energy materials, (1991) in press. 

9. Photocatalytic nitrogen fixation on semiconductors, O.A. Ileperuma in Proc. 

Third Int. Symp. Solid State Physics, (Nova Science publishers, USA, to be 

published). 

10. 	 Photoreduction of N2 to NH3 on the composite catalyst of MuO,/TiO 2, O.A. 

Ileperuma, C.T.K. Thaminimulla, J.M.S. Bandara and W.C.B. Kiridena, Prec. 

Third Int, Symp. Solid State Physics, (Nova Science publishers, USA, to be 

published). 

II. 	Reduction of N, to NH, by Ti" * in aqueous media and its photoenhancement, 

O.A. fleperuma and T.S. Lewke Bandara, J. Natl. Sci. Council Sri Lanka, 

(1990), in press. 

12. 	 Photoreduction of N2 to NH, and H20 to H, on metal ooped TiO catalysts 

(M= Ce, V), O.A. leperuma. C.T.K. Thaminimulla, W.C.B. Kiridena, Solar 

Energy Materials, (1991), submitted. 
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5.2 	 Training 

Training of graduate students in the areas of Photochemistry, Instrumental analysis 

and Computer programming. 

(a) 	 Mr. J.M.S. Bandara M.Phil (completed)
 

(b) 	 Ms. C.T.K. Tilakaratne M.Phil (completed)
 

(c) Mr. W.C.B. Kiridena Ph.D (in progress)
 

These students have got a thorough training in all aspects of Heterogeneous
 

Photocatalysis on Semiconductors, Advanced Instrumental Analysis, Computer
 

programming and presenting results at symposia.
 

The following international workshops were held at the Institute of Fundamental 

Studies (not supported by the PSTC grant) during the duration of the grant where 

our students, principal investigator and collaborators participated. 

1. 	 Second International symposium on Solid State Physics May 15-20, 1989, 

Kandy, Sri Lanka. 

2. 	 Third International symposium on Solid State Physics April 22-27, 1991, 

Kandy, Sri Lanka. 

In addition, the Principal Investigator participated in the following Workshops/study 

tours. 

1. 	 Workshop on "Lasers in Chemistry" held at the International Center for 

Science and Technology, Trieste, Italy, Apri! 1989. (Support from 

UNIDO). 

2. 	 Workshop on "X-ray Crystallography of Natural Materials" held in 

Bangkok, Thailand, February 1990. (support from UNESCO). 

3. 	 Visits to the foreign collaboratc:'s laboratory, (Dr. Arlon, J. Hunt. 

Lawrence Berkeley Laboratory, berkeley, California) in 1989 and 1991. 

These two visits also included several visits to different laboratories in the 

USA where there are active groups working in hezurogeneous 

photocatalysis. 
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6. Project Productivity 

The project achieved the major objectives stated in the original proposal. One of 

the goals not addressed during the course of research was the use of "5N2 isotope 

to establish nitrogen fixation work. This was thought not quite necessary since the 

scientific community accept photochemical N, fixation work with the right controls, 

such as experiments under dark and argon as indicative of positive proof of N2 

fixation. 

7. Future work 

Future work in this project will be continued both at the University of Peradeniya, 

Sri Lanka and the Institute of Fundamental Studies, Kandy, Sri Lanka from the 

available resources. Work planned include some actual field trials on some plant 

species exhibiting a sensitive response to nitrogenous species. Diversification of 

the area of research to other areas such as water purification, development of 

bactericides based on Br, and H20, will also be undertaken. 
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9. Summary of Expenditure 

Item Total Allocated (US $) 

Salaries 

Equipment 

Materials & Supplies 

Travel 

Administration of the 

Grant 

Other indirect costs 

Total 

9000 


82200 


18560 


7500 


12000 


200 


129460 


Total Spent (US $) 

8972.68 

81970.65 

19257.82 

7818.00 

10008.00 

1402.00 

129428.72 

N)O19 
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